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  The primary objective of this research was to evaluate the performance of low 
pressure grouting with the partial replacement of cement by copper slag in treating 
soft marine clay. This research consists of two parts. In the first part of research, 
pozzolanic property of copper slag was evaluated. The effect on engineering 
properties and microstructural property of cement-treated clay was discussed with 
increasing amount of copper slag. In the second part of research, performance of low 
pressure grouting was evaluated by using copper slag-cement grout. The radius of 
grouted column was taken as the key parameter for performance evaluation.    
Pozzolanic property of copper slag was evaluated in sand-mortar sample 
according to ASTM C618. “Strength activity index” (which is defined as percentage of 
compressive strength of test mix to control mix) of original gradation of copper slag 
(67% of particles having size of 0.15 to 2 mm, and 33% of particle having size of less 
than 0.15 mm) was found to be low, and not satisfying the pozzolanic material 
requirement according to ASTM C618’s criteria. On the other hand, “strength activity 
index” of fine gradation of copper slag (all particles having size of less than 0.15 mm) 
fulfilled the requirement for pozzolanic material to be used in concrete. Thus, it was 
concluded that copper slag (fine gradation) showed pozzolanic property.  
 The commonly available copper slag (original gradation) in Singapore 
contains ~67% of “coarse” particles and ~33% of “fine” particles. “Fine” particles 
alone can function as “Pozzolanic material”. It was found that copper slag (which 
contains coarse and fine particles) can contribute to pozzolanic reaction if non-
conventional ratio of copper slag (original gradation) to cement is used instated of 
conventional ratio used according to ASTM C618. Pozzolanic reaction of fine portion 
of copper slag with calcium hydroxide (Ca(OH)2) in cement-treated clay was also 
 x 
confirmed by X-rays diffraction (XRD) test. The contribution to increase in strength 
due to pozzolanic reaction was called “Chemical effect” in this thesis. Apart from 
“Chemical effect” of fine portions of copper slag (original gradation), when copper 
slag (original gradation) was added in cement-treated clay, it affected cement-treated 
clay “Physically”. Hence, the combined effect of copper slag (original gradation) on 
engineering properties of cement-treated clay was studied when copper slag was 
added in cement-treated clay. 
When water content of cement-treated clay with and without copper slag 
(original gradation) was kept constant, unconfined compressive strength (UCS) of 
cement-treated clay decreased with increasing amount of copper slag (original 
gradation). On the other hand, when workability of cement-treated clay with and 
without copper slag (original gradation) was kept constant, UCS of cement-treated 
clay for longer curing time was found to be remained constant or increased with 
increasing amount of copper slag (original gradation). Hence, it was stated that copper 
slag (original gradation) can be used as partial replacement of cement in treating soft 
marine clay without reducing its strength. 
At constant workability, all the compression curve of various mixes showed 
similar trend and it was found that yield stress and compressibility indices in term of 
compression index (Cc) and recompression index (Cr) were almost constant with 
increasing amount of copper slag (original gradation). Hence, it was concluded that 
copper slag (original gradation) can be used as partial replacement of cement in 
treating soft marine clay and yet no significant change in compressibility was 
observed. 
    In the second part of research, performance of low pressure grouting (i.e. via 
radius of grouted column) was evaluated by using copper slag cement grout. The 
 xi 
parameters varied were injection pressure, nozzle diameter, in-situ soil strength, grout 
viscosity and overburden pressure. The purpose of evaluating performance of low 
pressure grouting was to propose a new model to predict the radius of grouted column 
in field for low pressure range. 
  The experimental data of low pressure grouting showed that the radius of 
grouted column varied linearly with injection pressure & nozzle diameter, and 
inversely with viscosity of grout & shear strength. Furthermore, based on low 
pressure grouting experimental data, a new model was developed for evaluation and 
prediction of the diameter of grouted column. It was found that this model can 
provide a fairly accurate prediction of radius of grouted column based on 
experimental data. The diameter of grouted column was then evaluated by using this 
new model in low pressure range (3 to 5 MPa) and compared with that of field trial of 
high pressure jet grouting. It was found that diameter of grouted column achieved in 
low pressure grouting fall within the lower range of that of jet grouting. Furthermore, 
UCS of cored sample obtained from low pressure grouting experiment was found to 
consistent with the laboratory test sample. Thus, it was concluded that the low 
pressure grouting method can achieve the required strength in clay treatment by 
copper slag-cement grout. 
 
Keywords: Cement-treated clay, copper slag, unconfined compressive strength (UCS), 
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Cement is often used as an additive to increase the strength and stiffness, 
decrease the compressibility, and improve the other undesirable properties of soft soil. 
The increase in the strength of soft clay with addition of cement has been well 
established (Wissa et al., 1965; Mitchell, 1981; Kamon and Bergado, 1991; Uddin et 
al., 1997; Chew et al., 1997; Yin and Lai, 1998; Miura et al., 2001; Kamruzzaman, 
2002; Chew et al., 2004; Lee et al., 2005; Chin, 2006). The increase in strength of 
treated soil is often come with an increase in modulus (Asano et al., 1996; Futaki et 
al., 1996; Lee, 1998; Lee et al., 2005) and decrease in the ductility, which is noticed 
by a large postpeak reduction in strength of treated soil (Uddin et al., 1997; 
Balasubramaiam et al., 1999). All these features are charecteristics of naturally 
structured soil (Lacasse et al., 1985; Lerouiel and Vaughan, 1990; Burland, 1990), 
and they also indicate that introduction of cement into the soil matrix leads to the 
formation of a structure within soil skeleton. Similarly, the compressibility of soil 
also decreases with the inclusion of cement. The cement-treated soil has much higher 
yield stress than untreated soil. Exceeding yield stress leads to a sharp decrease in 
voids ratio (Endo, 1976; Uddin et al., 1997; Balasubramaniam et al., 1998), which has 
also been observed in natural soils (Burland, 1990; Lerouil and Vaughan 1990; 
Lapierre et al., 1990; Nagaraj et al., 1998; Liu and Carter, 1999). Another property 
that can be changed by the addition of cement to soil is the permeability (Kauschinger 





ground water seepage is encountered, cement-treated soil is often used as a cut-off 
wall (Hooi and Yong, 1982; Yu et al., 1999; Porbaha et al., 2000). 
 In Singapore, due to existence of thick layer of soft soil (e.g. soft marine clay), 
the ground improvement technique is essential in the local construction industry. In 
general, Singapore marine clay consists of two thick layers of clay called upper and 
lower marine clay, has low shear strength and high compressibility. Due to existence 
of these thick layers, geotechnical problems, such as ground heaving, deformation in 
deep excavation, long-term settlement of adjacent ground surface arise in 
constructions in Singapore. In such situation, ground improvement techniques such as 
vertical drain and chemical stabilization can be used to improve the properties of soft 
soils in foundation and sub-structure construction. In Singapore, one of the most 
commonly used ground improvement scheme is chemical stabilization using cement 
additive. The improvement process is also relatively fast compare to methods 
involving vertical drains accelerated consolidation and incurs little or no settlement to 
the surrounding ground. Vertical drain requires surcharge or vacuum, and generally 
needs a few months to consolidate the soils.  
 The improvement of the properties of cement-treated soil has been attributed 
to the soil cement reaction (Mitchell, 1981). There are two major chemical reactions 
induced by the addition of cement to soil: the primary hydration reaction of the 
cement and water, and the secondary pozzolanic reactions between Ca(OH)2 and the 
clay minerals. The hydration reaction leads to the initial gain in strength because of 
the formation of primary cementitious products [hydrated calcium silicates (C2SHx, 
C3S2Hx), hydrated calcium aluminates (C3AHx, C4AHx)]. In pozzolanic reaction, silica 
and alumina from the clay react with the Ca
2+
 ions, forming calcium silicate hydrate 





time, thereby enhanced the engineering properties of the cement-clay mix. These soil 
cement reactions provide a clear basis to explain the effect of cement on engineering 
properties of cement-treated clay. Please note the notation used for all cementitious 
products (CSH, CAH, C2SHx, C3S2Hx, C3AHx, C4AHx) are cement chemist notations 
instead of usual chemical formula. 
Sometimes, other admixture i.e. incineration fly ash, blast furnace slag etc are 
used together with cement to improve the engineering properties of soft clay. It is 
well known that during hydration reaction of cement, Ca(OH)2 is produced which 
constitutes about 25% of the volume of the solid in the hydrated paste. The Ca(OH)2 
reacts with pozzolans present in clay and forms secondary cementitious materials as 
stated earlier. However only a small amount of Ca(OH)2 has actually been consumed 
in pozzolanic reaction due to lack of pozzolans in clayey soil. Thus, if some 
supplementary pozzolanic materials can be added in cement-clay mix, then it is 
possible that more cementitious materials can be formed and the strength of cement-
treated clay can be further improved.   
Ma (2007) added incineration fly ash (IFA) in cement-treated Singapore 
Marine Clay (SMC). Show et al. (2003) added fly ash into cement-treated clay and 
found some positive effect on strength gain. James et al. (2008) added ground 
granulated blast furnace slag (ggbs) in lime-treated clay and found that strength of 
lime-treated clay increased with addition of slag. However, so far no one studied the 
effect on engineering and microstructural property of cement-treated clay with 








1.2 Copper Slag as an Admixture 
The copper slag is a byproduct of copper ore during matte smelting and 
converting. Based on its process of formation, copper slag can be classified into 
granulated copper slag and air cooled copper slag. The granulated copper slag is 
made up of regularly shaped angular particles, mostly between 4.75 and 0.075 mm 
(Pavez et al., 2004).  
For every tonne of copper metal production about 2.2 tonnes of slag is 
generated and each year, approximately 24.6 million tonnes of copper slag is 
generated from world copper production (Gorai et al., 2003). Copper slag application 
in Singapore is mainly on sand blasting for ships, therefore there are huge amount of 
copper slag accumulated due to large amount of ship building and maintenance and it 
has been estimated that 300, 000 tonnes of copper slag needs to be disposed annually 
(Lim and Chu, 2006). 
Consequently, there is an urgent need to find possible solutions to use the 
copper slag. One such option is to utilize copper slag for engineering practices. Many 
researches have been conducted on adding copper slag in mortar and concrete. The 
majority of them focused on using copper slag as sand substitute (Madany et al., 1991; 
Moura et al., 1999; Toshiki et al., 2000; Al-Jabri et al., 2009). Madany et al. (1991) 
and Al-Jabri et al. (2009) found that strength of copper slag-concrete mix can be 
achieved higher than that of sand-concrete mix if slump value of copper slag-concrete 
mix is kept to be the same as sand-concrete mix. Further, it was found that to make 
slump value of copper slag-concrete mix equal to sand-concrete mix, it was required 
to reduce water-cement ratio of copper slag-concrete mix in comparison with sand-





reduced water-cement ratio was achieved equal to sand-concrete mix due to lower 
water absorption capacity of copper slag than that of sand. 
There are some researchers (Al-Jabri et al., 2006; Mobasher et al., 1996; 
Douglas and Mainwaring, 1985; Moura et al. (2007); Rojas et al., 2008) mentioned 
that copper slag can be used as partial cement substitute in concrete as they observed 
some gain in strength credited to the pozzolanic reaction of copper slag. Thus, it was 
expected that copper slag due to its “low water absorption capacity” and “pozzolanic 
property”, has potential of being used to treat the soft clay along with cement. The 
intension is to use copper slag as partial cement replacement in low pressure grouting 
and jet grouting. The description of low pressure grouting will be dealt in the 
following section. 
 
1.3 Low Pressure Grouting  
Jet grouting is ground improvement technique in which the soil is 
disintegrated by a high pressure & high velocity fluid jet and grout is simultaneously 
mixed or replaced the soil. Initially, a bore hole of 70-100 mm diameter is drilled 
using a coring bit to required depth. At required treatment depth, the grout is injected 
through small-diameter nozzles placed on a jetting monitor pipe. The jetting monitor 
pipe is continuously rotated at constant rate and slowly raised towards ground surface. 
The jet propagates radially from the borehole axis and after some time, the grouted 
soil solidifies producing a cemented soil body of quasi-cylindrical shape (jet grout 
column). By proper arranging several columns in the sub-soil, it is possible to solve 









Figure 1.1 Sequence of jet grout installation 
(Hayward Baker brochure, www.haywardbaker.com) 
 
Currently adopted jet grouting methods can be classified according to number 
of fluids injected into the sub-soil: 
(a) Grout (single-tube system) 
(b)  Air + grout (double-tube system) 
(c) Water + air + grout (triple-tube system) 
Figure 1.2 shows three types of jet grouting systems. The single-fluid system utilizes 
only fluid grout for both cutting and mixing. In double-fluid system, an air shroud is 
injected to surround the fluid grout and enhance the cutting distance. The triple-fluid 
system uses an air shrouded water jet to cut the soil, while the grout is injected 
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Figure 1.2 Jet grouting systems: single (S), double fluid (D) and triple fluid (T) 
(Hayward Baker brochure, www.haywardbaker.com) 
 
In jet grouting method, the ground is subjected to high pressure during the 
treatment of soft soil. One of the problems related to soft soil is excessive settlement 
during excavation, and jet grouting can be used to limit such settlements. In order to 
treat soft soil near built-up area such as service road, car park, car park below high 
rise buildings or other similar structures, this technique may cause the ground heaving 
which can damage near-by structures as high pressure is used in jet grouting. To over 
come from this situation, Chew (2005) developed a low pressure grouting technique. 
Low pressure grouting technique involves injecting slurry called liquefied 
soil-cement mix (LSM) with appropriate mix ratio between cement and recycled 
waste materials (e.g. clay) into peaty soil mass which fills the voids and fissures 
(Figure 1.3) at low injection pressure. The appropriate injection pressure (less than 5 
bars) and optimum volume has to be carefully designed to get the minimum ground 
disturbance. In addition, sufficient and appropriate flowability of slurry are designed 





fill the voids. As the cement-clay mixture within the peat hardens, the structure of the 
peat is altered and thus the properties are improved. The strength and stiffness of 
treated peaty soil can be enhanced (Hebib and Farrel, 2003) and therefore further 

















Figure 1.3 Injection of grout in low pressure grouting 
(after Chew, 2005) 
 
The present method for application of low pressure grouting is worked 
successfully but limited to peaty soil only. So far, no comprehensive study has been 
carry out to model low pressure grouting process in laboratory for the soft clay so that 
soft clay in built-up area can be treated. 
  
1.4 Current Issues in Treatment of Soft Clay by Copper Slag-Cement Grout in 
Low Pressure Grouting 
 
 In ground improvement methods, cement treatment of soft soil has been 





properties of cement-treated clay and the problem related to copper slag disposal 
have been discussed earlier. However, no researches have been carried out to treat 
the soft clay by copper slag-cement grout in low pressure grouting technique. Several 
issues arised during the treatment of soft clay by copper slag-cement grout in low 
pressure grouting or jet grouting: 
a. Those related to engineering properties of cement-treated clay with copper slag, 
and 
  
b. Those related to evaluation of performance (i.e. via radius of grouted column) of 
low pressure grouting. 
 
The brief discussion about these issues will be discussed in following paragraphs.  
a. Those related to engineering properties of cement-treated clay with copper slag: 
Many researches have been carried out to use the copper slag in engineering 
practices. Al-Jabri et al. (2006) used copper slag as partial replacement of cement in 
concrete mix and noted that inclusion of copper slag can increase the strength of 
concrete. Moura et al. (2007) investigated the use of copper slag as a partial 
replacement of cement in concrete. Rojas et al. (2008) used copper slag as partial 
replacement of cement in mortar and found that reduction in compressive strength of 
mortar is less than the percentage of replacement of cement by copper slag. There are 
some researchers (Mobasher et al., 1996; Taha et al., 2004; Douglas and Mainwaring, 
1985; Pavez et al., 2004; Moura et al., 2007) mentioned that copper slag can be used 
as partial cement substitute as they observed gain in strength credited to the 
pozzolanic property of copper slag. However, others (e. g. Lim et al., 2006) stated that 
copper slag has no observable pozzolanic property. Hence, there is no clear consensus 
on the pozzolanic properties of copper slag yet. Thus, one of the objectives of the 





As mentioned earlier that, “lower water absorption capacity” of copper slag 
than that of sand has positive effect on compressive strength of copper slag-concrete 
mix. Furthermore, if copper slag exhibits pozzolanic property, an additional 
advantage for improving strength can be achieved. Thus, it was expected that copper 
slag can be used as partial replacement of cement in treating soft marine clay, in 
ground improvement project. However, till now, the effect on engineering and 
microstructural properties of cement-treated marine clay with increasing amount of 
copper slag is not known. Thus, the present research attempt to investigate the effect 
with increasing amount of copper slag on engineering and microstructural properties 
of cement-treated marine clay for a range of water content and cement content. The 
range of water content and cement content of mix used in the research is selected as 
per the common range used in jet grouting so that the mix can be used in low pressure 
grouting and jet grouting. It is likely that addition of copper slag to the soft marine 
clay will change the engineering and microstructural properties of cement-treated soft 
clay. Thus, this research also attempts to investigate the cause of such a change in 
engineering and microstructural properties of cement-treated soft clay. This issue 
forms the first part of present research. 
 
b. Those related to evaluation of performance (i.e. via radius of grouted column) of 
low pressure grouting: 
 
There are two main concerns for column design in low pressure grouting: (i) 
radius of grouted column (ii) engineering properties of grouted column. The latter is 
controlled by cement content and water content of treated column and will be studied 
in the first part of research. It is difficult to predict radius of grouted column due to 
inherent variability of soil properties.  In current practice, for prediction of radius of 





radius of grouted column with standard penetration (SPT) value. However, these 
correlations provide only rough estimates of radius of grouted column in single tube 
jet grouting and correlation may not valid for low pressure grouting. 
Modoni et al. (2006) developed an equation to predict the maximum radius of 
grouted column in single fluid grouting for clayey soil based on his analytical studies. 
This equation provides the relationship amongst maximum radius of grouted column 
(Rmax (j)), nozzle diameter (dn), viscosity ratio (N) (ratio of viscosity of grout slurry to 
viscosity of water), injection pressure (Pi) and undrained shear strength of soil. The 











                                              (1.1) 
Similarly, Ho (2005) also produced an equation to predict ultimate cutting distance or 
maximum radius of grouted column in single fluid jet grouting in cohesive soil based 
on his experimental and analytical studies. The equation provides the relationship 
among maximum radius of grouted column (Rmax (j)), nozzle diameter (dn), injection 
pressure (Pi) and undrained shear strength of soil (Cu). The equation is given below: 








                                              (1.2) 
It can be seen from equation 1.1 that the relationship given by Modoni et al. (2006) is 
dependent on viscosity of grout. However, the relationship given by Ho (2005) shows 
that maximum radius of grouted column does not depend on viscosity of grout thus 
jeopardizing prediction as different viscosity of grout (different water cement-ratio) is 
commonly used in jet grouting technique. Moreover the equations may not predict 
radius of grouted column for low pressure grouting. Hence it is necessary to validate 





Furthermore, the relationship produced by Ho (2005) i.e. equation 1.2 can be 
valid for laboratory conditions, but the experimental condition simulated may not 
simulate the actual field conditions because: 
(i) Sodium silicate grout was used as jetting fluid in the experiment, which may not 
be the same as cement grout used in the field.  
(ii) The effect of viscosity of grout is not considered in the experiment, but it is 
important because viscosity of cement grout depends upon water-cement ratio 
which can vary depending upon field requirement. 
(iii) The effect of rotational speed was studied without lifting the jetting pipe. 
(iv) The radius of grouted column was determined when jetting pipe was rotating but    
not lifting at certain interval.  
(v)  The effect of over burden pressure was neglected.  
Hence, the present research aims to design and fabricate a laboratory grouting 
modeling apparatus which can eliminate the above limitations and thus model low 
pressure grouting in actual field condition for a range of pressure. This issue forms the 
second part of current research.  
Based on the issues and discussions mentioned above, the objectives for the 
present research have been derived which will be presented in the next section. 
 
1.5 Objectives of Research 
1. In this research, “pozzolanic property” and “water absorption capacity” of copper 
slag will be evaluated. If copper slag does exhibit some pozzolanic property, it 
can be expected that the combined effect of these two properties will enable the 
treatment of clay with copper slag to behave a partial replacement of cement in 





effect on engineering properties (e. g. Atterberg limits, strength and 
compressibility) of cement-treated clay with increasing amount of copper slag. In 
addition, the effect on microstructural properties of cement-treated clay with 
increasing amount of copper slag will also be evaluated. The various key 
parameters for this study will be copper slag content, cement content, water 
content, cone penetration value, flow value and curing time.  
2. Design and fabricate a laboratory grouting model apparatus to evaluate the 
performance of low pressure grouting technique by copper slag-cement grout jet 
in soft marine clay. The radius of grouted column is taken as the key parameter 
for performance evaluation. Normalized plots of this radius verses other key 
parameters (injection pressure, nozzle diameter, undrained shear strength, 
viscosity) will be evaluated. The knowledge of these results will enable the 
design of actual treatment using low pressure grouting in the field. 
 
1.6 Structure of the Thesis 
 Chapter 1 provides the essential background information of this research and 
summarizes the necessity of conducting this research. In Chapter 2, comprehensive 
literature review of cement-treated clay, copper slag as a substitute material for sand 
& partial substitute for cement is presented. Literature review of current methods of 
prediction of radius of grouted Column is outlined. Chapter 3 contains experimental 
set-up and test procedures for properties determination of cement-treated clay with 
copper slag focusing on sample preparation and detailed scope of testing program. In 
Chapter 4 pozzolanic property of copper slag was evaluated, and the change in index 
properties, engineering and microstructural properties of cement-treated clay with 





laboratory grouting modeling apparatus which is used to evaluate the performance of 
low pressure grouting in SMC. The complete results of experiments of low pressure 
grouting are presented in Chapter 6 with detailed interpretation of test data. Chapter 7 








                                                  CHAPTER 2 
Literature Review 
___________________________________________________________ 
2.1 Cement-Treatment of Soft Soil 
2.1.1 Soil-Cement Chemical Reaction 
  Ordinary Portland Cement (OPC) consists mainly of tricalcium silicate (C3S), 
dicalcium silicate (C2S), tricalcium aluminate (C3A) and tetracalcium alumino-ferite 
(C4AF). In these chemical formulae, C represents CaO, S represents SiO2, A 
represents Al2O3 and F represents Fe2O3. In presence of water, cement hydrates 
rapidly and produces primary cementitious products, which are hydrated calcium 
silicates (C2SHx, C3S2Hx), hydrated calcium aluminates (C3AHx, C4AHx) and hydrated 
lime (Ca(OH)2). This leads to the short-term hardening of cement-treated soil. In 





, which leads for rise in pH value of pore water. The strongly alkaline 
condition promotes the dissolution of silica (SiO2) and Alumina (Al2O3) from soil 
which then gradually react with the Ca
2+
 ions, forming the secondary cementitious 
products, namely calcium silicate hydrate (CSH) and calcium alumina hydrate (CAH). 
These secondary reactions are known as pozzolanic reactions. Pozzolanic reactions 
further increase the strength and durability of cement-treated soil due to the 
enhancement of the bonding among soil particles. The cement hydration and the 
pozzolanic reaction can last for months, or even years, after the mixing, and so the 
strength of cement treated clay is expected to increase with time. The reactions that 









C3S + H2O                                              C3S2Hx (hydrated gel) + Ca(OH)2              (2.1)
 
                                                                                                      
(Primary cementitious product) 
 
Ca(OH)2                                                 Ca
2+
  + 2(OH)
-                                                        
  (2.2)
 






+ SiO2 (soil silica)           CSH                                                      (2.3)
 






+ Al2O3 (soil alumina)    CAH                                                     (2.4)
 
                                                                    (Secondary cementitious product) 
    
The above reactions are only applicable to C3S which is the main constituent of OPC. 
For other main constituents of cement such as dicalcium silicates (C2S), tricalcium 
aluminate (C3A) and tetracalcium alumino-ferite (C4AF) are also involved in both the 
hydration and pozzolanic reactions to produce calcium silicate hydrate (CSH), 
calcium aluminate hydrate (CAH) and calcium aluminimate silicate hydrate (CASH).  
A complete set of chemical equations involving these reactions as well as lime treated 
clay have been presented by Kezdi (1979).   
 
2.1.2 Schematic Illustration of Clay-Cement Interaction and Improved Soil 
  The interaction between cohesive soils and Ordinary Portland cement is 
schematically shown in Fig. 2.1 as proposed by Saitosh et al. (1985). The following 
reactions between clay and cement were identified: 
(a) Hydration of cement produces Ca(OH)2 (Calcium hydrate generated 
equivalent to 25% of the weight of cement) and calcium silicate hydrate, 
(b) Absorption of Ca(OH)2 by the clay, and 
(c) When the clay is saturated with Ca(OH)2, pozzolanic reaction occurs between 
these two components. 
  A schematic diagram that illustrates the condition of hardening of improved 















Figure 2.1 Interaction among clay, ordinary Portland cement and blast-furnace slag  






           (a) Immediately after mixing                            (b) After hardening 
 










shows the condition of improved soil immediately after mixing with cement slurry. It 
is suggested that if the cohesive soil and cement slurry mixed thoroughly, clay 
particles will form a cluster, which will be surrounded by cement slurry. Figure 2.2b 
shows the condition after hardening of cohesive soil and cement slurry that have 
formed between hardened cement and soil bodies. Thus, it is postulated that the 
strength of improved soil depends on the strength charecteristics of both harden 
cement and hardened soil bodies. 
 
2.1.3 Influence of Various Factors on Strength Index of Cement-Treated Soil 
  The strength of the cement or lime treated soil can be affected by various 
factors. This is because the strength increments of treated clay are closely related to 
the chemical reaction occurred between the soil and stabilizing agents. Generally, the 
effect of various factors are investigated based on unconfined compressive strength, 
qu. Kezdi (1979) noted that the factors affecting the strength of cement-treated soil 
depends on the charecteristics of cement (Chemistry composition and type), soil 
(grain–size distribution, chemistry components, plasticity and types) and water 
(sulphate, pH value and hardness). The secondary factors that affect the strength of 
the improved soil are installation processes (e.g. compaction, mixing, post-treatment) 
as well as temperature under which the work is carried.  
 
2.1.3.1 Type and Amount of Cement 
Kawasaki et al. (1981) investigated the strength characteristics of two different 
types of cement namely slag cement and Ordinary Portland cement. Figure 2.3 shows 
the effect of two different types of cement on strength of two different soils taken 










































































(a) Cement content = 160 kg/m
3                                      
(b) Cement content = 300 kg/m
3
 
(Soil from Tokyo Bay)                                             (Soil from Saga) 
 
Figure 2.3 Effect of type of cement on unconfined compressive strength of cement-
treated soil (after Kawasaki et al., 1981) 
 
not only dependent on the type of cement but also the soil types, or more precisely the 
chemical reactions that are involved between the cement and soil types.  
In general, the strength of cement-treated soil increases with the amount of 
cement content added (Chew et al., 1997; Uddin et al., 1997). However, the rate of 
increment is not in proportional to cement contents (Kawasaki et al. 1981). Figure 2.4 
shows that the unconfined compressive strength of cement-treated clay increases with 
cement content for same water-soil ratio (Chew et al., 1997). Figure 2.5 & 2.6 show 
that beyond a certain percentage of cement content, the rate of increase of strength 
decreases (Uddin et al., 1997; Kamruzzaman, 2002). Horpibulsuk et al. (2003) 
proposed four zones concept for strength development of cement-treated clay namely 
Inactive zone, Clay-cement interaction zone, Transition zone and Cement-clay 
interaction zone which are based on strength and cement content as shown in Figure 


























Figure 2.4 Effect of cement content on unconfined compressive strength of cement-













Figure 2.5 Unconfined compressive strength of cement-treated Bangkok clay 




























Cement content, c/(s+c) 
w/s : water-soil ratio 
 










































Figure 2.6 Unconfined compressive strength of cement-treated SMC 














Figure 2.7 Unconfined compressive strength of cement-treated Ariake clay 







and subsequent microstructure formation due to bonding. When the cement content is 
low, the availability of cement per intercluster site is very small to cause noticeable 
change in strength. This region with low cement content is designated as inactive zone. 
As the cement content increases, the cement content per intercluster site increases and 
upon hardening develops a proportionate amount of bonding to the clay fabric. This 
zone is designated as the clay-cement interaction zone. In the clay-cement interaction 
zone, there is a limit to the cement content that is effective in inducing cementation 
bonding. Up to this state, there is continuity in the clay fabric and discontinuity in the 
hardened structure of the cement paste. There comes a stage at which, as the cement 
content increases, the clay microstructure loses its identity and the strength increases 
as the continuity in the hardened cement paste structure prevails, with the clay clusters 
being embedded in it. This is identified as the cement-clay interaction zone. The zone 
between cement content of 40% and 60% (refer figure 2.7) is named as Transitional 
zone by Horpibulsuk et al. (2003) and the zone between cement content 40% and 
more than 60% is named as Inert zone by Kamruzzaman (2002). In this zone the 
strength increase is marginal because the cement is not utilised fully in strengthening 
the clay fabric and insufficient to transform to the stage where the clay fabric loses its 
identity. 
 
2.1.3.2 Soil Characteristics 
  The physico-chemical characteristics of the soil (such as water content, grain 
size, Atterberg limits, types of clay minerals, cation exchange capacity, amount of 
soluble silica and alumina, pH of pore water and organic matter content) effect the 





























































  Figure 2.8 shows the effect on strength of soil from different location in Japan 
(Kawasaki et al., 1981). It can be seen in figure that the soil from different location 
gained different strength for same cement content. This may be because of different 
composition of clay minerals present at different soils at their location. Taki and Yang 
(1991) investigated the effect of different soil types on strength of cement-treated soil 
























Figure 2.9 Effect of soil type on compressive strength of cement-treated soil 






























Cement content (%) 
the largest increase in unconfined compressive strength as compare to fine grained 
soil (clay & silt) for given cement content. However cement-treated gravel has lower 
strength than sand. This may be due to presence of large pore space in cement-treated 
gravel than cement-treated sand. Bergardo et al. (1996) reported that the rate of 
increase in strength of cement-treated soil decreases with the increase of percentage 
clay content and plasticity index. Bell (1993) also found that as the clay content of 
soil increases, higher quantity of stabilizing agent is required to achieve the required 
strength. This may be due to the increase in specific surface area and contact between 
clay particles.  
  Figures 2.4 & 2.10 show the effect of initial water content of clay slurry on 
unconfined compressive strength of cement-treated clay (Chew at al., 1997; Endo, 
1976). It was found that increase in initial water content of clay slurry decreases the 
strength. Similar results were also found by other researchers (Miura et al., 2001; 











Figure 2.10 Effect of initial water content of clay on unconfined compressive strength 
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  Saitoh et al. (1985) suggested that the soils with the properties of higher 
pozzolanic reactivity, the strength characteristics of cement-treated soils are governed 
by the strength behavior of the hardened cement bodies. However, the soil with lower 
pozzolanic reactivity, the strength behavior of treated soils is governed by the 
strength behavior of the hardened soil bodies. Hence, if improvement conditions are 
equal, greater strength is obtained from the soil with higher pozzolanic reactivity. Hilt 
and Davidson (1965) reported that clays containing montmorillonite and kaolinite 
were found to be effective pozzolanic agents than which contain illite. 
  He et al. (1995) assessed the pozzolanic activity of six clay minerals: 
kaolinite, illite, Ca-montmorillonite, Na-montmorilonite, mixed layer mica/smectite 
and Sepiolite. The mortars sample of ratio of cement: clay mineral: sand = 70: 30: 
300 (in weight) were prepared with a consistency of 100 flow. The samples were 
cured in water at 400 C for 2, 7, 28 and 91 days and tested for compressive strength. 





















Figure 2.11 Effect of different clay minerals on strength of mortar sample 





compressive strength of Ca-montmorilonite was higher than other clay minerals. The 
higher value of Ca-montmorillonite is attributed to the fairly high content of 
amorphous SiO2 with pozzolanic properties. Thus, it seems that clays containing Ca-
montmorillonite will be effective pozzolanic agents than clay with other clay minerals 
as mentioned above. 
 
2.1.3.3 Curing Time 
  It is found that the strength of the cement-treated clay increases with curing 
time (Kawasaki et al., 1981; Nagaraj et al., 1997; Uddin et al., 1997). The rate of 
increase of strength is generally rapid in the early stages of curing time and thereafter 
decreases with time (Porbaha et al., 2000). Uddin et al. (1997) found that after a 
certain curing time (>4 months) the rate of increase of unconfined compressive 
strength is small as can be seen in Figure 2.5. Mitchell (1981) established the 
relationship amongst unconfined compressive strength (qu), curing time (t), and 
cement content (C): 
 qu (t) = qu (t0) + K log (t/t0)             (2.5) 
                         where,  
 qu (t) = Unconfined compressive strength at time t days, in kPa 
 qu (t0) = Unconfined compressive strength at t0 days, in kPa 
 K = 480C for granular soils and 70C for fine grain soil 
 C = Cement content, % by mass 
Kawasaki et al. (1981) reported the following linear relationships between qu60 and 
qu28 based on marine clay in Tokyo bay mixed with Portland cement: 






where   
qu60 and qu28  are unconfined compressive strength of 60 days and       
    28 days curing time respectively. 
Cement deep mixing association of Japan (1994) recommended the correlations based 
on mean values from linear regression analysis are as follows: 
 qu28 = (1.49 to 1.56) qu7                                                               (2.7) 
 qu91 = (1.85 to 1.97) qu7                                                               (2.8) 
                        qu91 = (1.20 to 1.33) qu28                                                                                                   (2.9) 
                        where  
qu7, qu28 and qu91 are the unconfined compressive strength of 7, 28              
and 91 days curing time respectively. 
Lee at al. (2005) found that the ratio of unconfined compressive strength of cement-
treated SMC of 28 to 7 days curing time is 1.5. 
 
2.1.4  Index and Engineering Properties of Cement-Treated Clay 
2.1.4.1 Liquid Limit and Plastic Limit   
 Uddin et al., (1997) observed that there is constant to slight decrease in liquid 
limit (LL) with cement content and curing time for cement-treated Bangkok clay as 
shown in Figure 2.12 (a) & (b). However the plastic limit (PL) of cement-treated 
Bangkok clay increases with cement content and curing time as shown in Figure 2.12 
(b). 
 Chew et al. (2004) observed significant increase in LL and PL of cement-
treated Singapore Marine clay (SMC) for cement content less than 5% for LL and 
approximately 10% for PL (Figure 2.13). However LL decreases with further increase 
























(b) Effect of curing time 
Figure 2.12 Effect of (a) Cement content (b) Curing time on Atterberg limits of cement-
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Figure 2.13 Effect of cement content and curing time on Atterberg limits of cement-
treated SMC (after Chew et al., 2004) 
 
observed that LL decreases with curing time but PL increases with curing time. A 
careful investigation of Figure 2.13 further shows that LL value remains higher for 
treated clay than untreated clay. 
 The different trend of liquid limit of cement-treated Bangkok clay and 
Singapore marine clay observed is possibly due to different composition of clay (% of 
sand, silt size and clay size) and/or clay mineral present in respective clay.   
 
2.1.4.2 Specific Gravity   
 Figure 2.14 shows the effect of cement content and curing time on specific 
gravity of cement-treated clay. As can be seen in the figure 2.14 that specific gravity 
of particles obtained from cement-treated soil matrix decreased with increase in 
cement content and curing time (Uddin et al., 1997). Glen et al. (2004) observed that 

















Figure 2.14 Effect of cement content and curing time on specific gravity of cement-













Figure 2.15 Effect of cement content and curing time on specific gravity of cement-
treated clay (after Glen et al., 2004) 
 





















to increase in curing time, there was no clear trend found for specific gravity by 
authors.  
 The specific gravity of cement-treated clay at slurry condition can be divided 
into 3 components: specific gravity due to soil, cement and water. The combined 
specific gravity of cement-treated clay slurry of 100% water content and 30% cement 
content is thus calculated and found to be 2.04 which is lower that that of individual 
specific gravity of clay and cement. Thus, it can be inferred that specific gravity of 
harden cement-treated clay will be lower than that of clay and cement. It is noted that 
the specific gravity of harden cement- treated clay will not be same as cement-treated 
clay at slurry condition. However, it is good indication for lowering of specific 
gravity of harden cement-treated clay.  
  
2.1.4.3 Strain-Stress Characteristics 
 Chew at al. (2004) studied the stress–strain charecteristics of cement-treated 

























figure shows that at low cement content, below 10%, ductile behavior is manifested 
with the post-peak stress decreasing gradually with strain. At higher cement content, 
the treated specimen becomes much more brittle, with abrupt drops in postpeak stress 
with strain. Similar strain-stress charecteristics of cement-treated clay is also observed 
by Zhu et al. (2007). This can be seen in Figure 2.17. Bruce & Bruce (2003) also 
observed that increase in cement content lead to increase in brittle behavior of 







Figure 2.24 Strain-stress charecteristics of cement-treated clay (after Zhu et al, 2004) 
 
 
Figure 2.17 Strain-stress charecteristics of cement-treated clay (after Zhu et al, 2004) 
 
2.1.4.4 Compressibility Characteristics 
 The increase in gross yield stress (Hight et al., 1992) and reduction in 
compression indices of soft clay due to addition of cement have been well 
established (Uddin et al., 1997; Balasubramainiam et al., 1999; Chew et al., 2004). 
Uddin et al., (1997) noted that increase in cement content increases the gross yield 
stress and 10% to 25% cement content was found effective in reducing 
compressibility of the soft Bangkok clay as shown in Figure 2.18. Miura et al. (2001) 
















Figure 2.18 Effect of cement content on compressibility of cement-treated Bangkok 
clay (after Uddin et al., 1997) 
 
enhanced until the consolidation pressure reaches the gross yield stress, which is due 
to the induced cementation bond created by addition of cement. It was also suggested 
that beyond gross yield stress, drastic compression occurs at which the cementation 
bond break down. Similar results were also reported by Endo (1976) as shown in 














FFigure 2.19 Effect of cement content on compressibility of cement-treated Shinagawa clay 















Vertical stress σv’ (kPa) 
 Kamruzzaman et al. (2001) observed that the gross yield stress increases with 
increase of cement content and curing time. On the other hand, the compression index 
(Cc) shows no significance change with cement content. As shown in Figure 2.20, the 
swelling curves of cement-treated clay are almost parallel to the loading portions of 
the initial part of the consolidation curves and they are not affected by cement content. 
The swelling index (Cs) of the cement-treated clay was also observed to be much 











Figure 2.20 Effect of cement content and curing time on compressibility of         
cement-treated SMC (after Kamruzzaman et al., 2001) 
 
 
 Sugiyama et al. (1984) proposed that the relationship between consolidation 
yield stress (Py) and the unconfined compressive strength (qu) can be correlated as Py 
= (1.2 to 1.7) qu. 
 
2.1.5   pH Value of Cement-Treated Clay  
 Rao and Rajasekaran (1996) studied the physico-chemical behavior of lime-
treated clay. They observed that the exchangeable calcium ions (Ca
++





clay surface increases with increase of curing time. Similarly pH value of the pore 
fluid also increases with the increase of curing time. Chew et al. (2004) observed that 
the pH value of cement- treated clay rises rapidly at low cement content but the rate of 
rise moderates at higher cement content. As shown in Figure 2.21, for cement content 
of less than 20%, pH value increases with curing time; and higher percentage of 
cement content (>30%), the pH value almost constant with cement content. It was 
suggested that the increase in pH value with increase of cement content is due to 
crowding of the Ca
2 +















Figure 2.21 Effect of cement content and curing time on pH value of cement-treated 
SMC (after Chew et al., 2004) 
 
2.1.6 Microstructural Properties of Cement-Treated clay  
  Rajasekaran and Rao (1998), reported that x-rays diffraction (XRD) analysis 
of lime-treated clay identifies different types of cementitious product such as calcium 
silicate hydrate (CSH), Calcium aluminum hydrate (CAH) and calcium aluminum 
silicate hydrate (CASH) as shown in Figure 2.22. These cementitious products of lime 






















Figure 2.22 X-ray diffraction pattern of lime-treated clay 
(after Rajashekaran and Rao, 1998) 
 
images. Locat et al. (1990) found that at early stage of curing (10 days), lime-clay 
lumps are formed due to the flocculation reaction while at longer curing periods (100 
days), platy type of CASH and reticular CSH can be seen from the SEM image of 
treated clay. These cementitious products are mainly responsible for the long-term 
strength development of lime-treated soil system (Rajasekaran and Rao, 1998; Locat 





Chew et al. (2004) studied the microstructural characteristics of untreated 
and cement- treated Singapore marine clay (SMC). The SEM image of remolded 
and untreated clay exhibits fairly open types of microstructure, with platy clay 
particles assembled in a dispersed arrangement. Figures 2.23, 2.24 & 2.25 show the 
SEM image of 10%, 30% and 50% cement-treated clay after 28 days curing. At the 
cement content of 10%, an open structure with some sign of reticulation can be seen 
in Figures 2.23. As cement content increases (at 30% and 50%), the flocculation 
nature of the structure becomes more evident with treated clay particles clusters 
interspersed by large openings. Moreover, the palatines of structure become less 
evident and degree of reticulation appear to increase as shown in Figure 2.24 and 2.25. 




















Figure 2.23 SEM image of 10% cement-treated SMC (28 days curing time) 


















Figure 2.24 SEM image of 30% cement-treated SMC (28 days curing time) 
(after Chew et al., 2004) 
 
 
Figure 2.25 SEM image of 50% cement-treated SMC (28 days curing time) 






2.2 Cement-Treatment of Soft Soil with Other Admixtures 
Sometimes, other admixture i.e. incineration fly ash, blast furnace slag and 
other slag, which contain pozzolans is used together with cement to improve the 
engineering properties of soft soil. It is well known that during hydration reaction of 
cement, Ca(OH)2 is produced which constitutes about 25% of the weight of the dry 
cement in the hydrated paste. The Ca(OH)2 reacts with pozzolans present  in clay and 
forms secondary cementitious materials. However only a small amount of Ca(OH)2 
has actually been consumed in pozzolanic reaction due to lack of pozzolans in clayey 
soil. Thus, if some supplementary pozzolanic material can be added in cement-clay 
mix, then it is possible that the strength of cement-treated clay can be further 
improved.   
Ma (2007) added incinerated fly ash (IFA) in cement-treated SMC. Show et al. 
(2003) added fly ash into cement-treated clay and found some positive effect on 
strength gain. James et al. (2008) added ground granulated blast furnace slag (ggbs) in 
lime-treated clay and found that strength of treated clay increased.  
Vasant et al. (2007) investigated the feasibility of copper slag-clay mix as road 
construction material. It was found that CBR value increased with addition of copper 
slag in clay (Figure 2.26). Lim and Chu (2006) assessed the suitability of copper slag 
as a sand substitute for land reclamation project. The author proposed that use of 
copper slag for land reclamation is even more beneficial than sand due to much 
higher specific gravity and dry density. Some researchers used copper slag as a 
pozzolanic material in concrete (Al-Jabri et al., 2006; Mobasher et al., 1996; Douglas 
and Mainwaring, 1985; Moura et al. (2007); Rojas et al., 2008). However, no one 
used copper slag to treat soil along with cement for ground improvement project. 
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Figure 2.26 Effect of copper slag on CBR value (After Vasant et al., 2007) 
 
2.2.1 Strength Properties of Copper Slag 
2.2.1.1 Copper Slag as Replacement of Sand 
Madany et al. (1991) investigated the use of copper slag as replacement of 
sand for mortar and concrete. The physical properties and particle size distribution of 
copper slag and sand are given in Table 2.1 and Figure 2.27 respectively. Table 2.2 
shows chemical composition of copper slag. The mix design of mortar and concrete is 
presented in Table 2.3. According to Bahrain specification, the cubes for mortar and 
concrete were prepared and tested after 3, 7, and 28 days curing time. Obtained test 
results were plotted which is presented in Figures 2.28 & 2.29.  
       The results of figure 2.28 for mortar indicated that the compressive strength of 
cubes decreased as the ratio by weight of copper slag to cement increases from 1:1 to  
 
Table 2.1 Physical properties of copper slag and sand (Madany et al., 1991) 
 
    
 
 
Properties Water absorption (g/kg) Specific gravity  
Copper slag 2.07 3.34 











































Figure 2.27 Particle size distributions of copper slag and sand 
(after Madany et al., 1991) 
 
Table 2.2 Chemical composition of copper slag (Madany et al., 1991) 
 
























Fe2O3 SiO2 Al2O3 CaO MgO CuO Na2O K2O PbO Cr2O3 ZnO 
Content 
(g/kg) 
345 275 126 97 83 4 20 5 2 5 25 
 
For concrete Mix proportion 
Cement (kg) 167 167 167 
Coarse aggregate (kg) 550 550 550 
Sand (kg) 283 0 0 
Copper slag (kg) 0 283 283 
Water-Cement ratio 0.55 0.55 0.45 
Water (kg) 91.85 91.85 75.15 
Cement Content (%) 16.7 16.7 16.7 
Water content (%) 9.18 9.18 7.52 
Workability (mm) 80-90 > 80-90 80-90 
For mortar Mix proportion 
Cement (kg) 250 500 250 200 
Sand (kg) 725 0 0 0 
Copper slag (kg) 0 500 725 800 
Water-Cement ratio 0.5 0.5 0.5 0.5 
Water 125 250 125 100 
Cement Content (%) 25 50 25 20 


























Figure 2.28 Compressive strength results of 25.4 mm x 25.4 mm mortar cube 





















Figure 2.29 Compressive strength results of 150 mm x 150 mm concrete cube 





















Curing time (days) 
                 Cement/sand   1:3 
                 Cement/slag    1:1 
                 Cement/slag    1:3 




















Curing time (days) 
        Slag-concrete, w/c = 0.55 
        Slag-concrete, w/c = 0.45 






1:4. The difference is more pronounced at early age (3 days) and to a lesser extent at 
longer curing time (28 days). The compressive strength of control mix is also shown 
in the same figure for cement-sand ratio of 1: 3 (by weight). It can be seen that for 28 
days curing time and the ratio of 1: 3 (cement: sand or cement: copper slag), the 
values of compressive strength of mortar cubes are similar for both control mix and 
test mix. Thus, the copper slag can be used as a replacement of sand in mortar.  
      Figure 2.29 presents the compressive strength on 150 mm concrete cube.  It 
can be seen that at water-cement ratio by weight of 0.55, the control mixes showed 
higher compressive strength value than that of test mix for all curing time. However, 
at reduced water-cement ratio of 0.45 of the test mix, the compressive strength value 
was higher than that of control mix of water-cement ratio of 0.55 for all curing time. It 
was observed that there was an excess of water in test mix compare to control mix at 
water-cement ratio of 0.55. This was proved by collapsible slump of test mix at water-
cement ratio of 0.55 compared to slump (80-90 mm) of control mix at the similar 
water-cement ratio. However, it was found that the range of slump of text mix at 0.45 
water-cement ratio was similar to control mix at 0.55 water-cement ratio. Thus it can 
be concluded that lower value of water-cement ratio is required to produce similar 
range of slump of test mixes than that of control mixes. The reason for such behavior 
may be attributed to the nature of copper slag particles which are of higher particle 
density (specific gravity) and lower water absorption than that of sand particle. Thus 
at lower water-cement ratio (0.45), the void ratio of copper slag-concrete might be 
reduced. The reduced void ratio of test mix than that of control mix is one possible 
reason for higher value of compressive strength of copper slag-concrete. If the 





cube (gross area–voids area). Another possible reason for higher value of compressive 
strength is the fact that copper slag might possess pozzolanic property. 
Al-Jabri et al. (2009) studied the effect on compressive strength of concrete 
due to replacement of sand by varying percentage of copper slag at constant 
workability. The workability was kept to be equivalent to 26-28 mm slump value. The 
physical properties and chemical composition of copper slag is given in Table 2.4 and 
2.5 respectively. The grain size distributions of sand and copper slag can be seen in 
Figure 2.30. The concrete cubes of control and test mixe were prepared and tested in 
accordance with BS 1881 Part 116 (44). Obtained test results are plotted which is 
presented in Figure 2.31. 






















Figure 2.30 Grain size distribution of sand and copper slag 
(After Al-Jabri et al., 2009) 
Properties Sand Copper slag 
Specific gravity 2.77 3.45 
Water absorption 1.36 0.17 
Elements 
as oxides 
Fe2O3 SiO2 Al2O3 CaO MgO CuO Na2O K2O Cl Mn2O3 SO3 


























Figure 2.31 Effect of copper slag on compressive strength of concrete cube 
(After Al-Jabri et al., 2009) 
 
 The figure shows that with increase in percentage replacements of sand by 
copper slag, the compressive strength of cube increased for both 7 and 28 days 
curing period. Interestingly, it was also found that with increase in percentage 
replacement of sand by copper slag at constant workability, the water to cement 
ratio decreased indicating the lower water absorption of copper slag particle than 
sand particle (Figure 2.32). These results are quite similar to Madany et al. (1991) as  
explained in earlier sections. However, both authors, Madany et al. (1991) and Al-
Jabri et al. (2009), have not elaborated properly for the increase of compressive 
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Figure 2.32 Effect of water-cement ratio due to replacement of sand by copper slag 
concrete cube (After Al-Jabri et al., 2009) 
 
2.2.1.2 Copper Slag as Partial Replacement of Cement 
Al-Jabri et al. (2006) investigated the use of copper slag as partial replacement 
of cement for concrete. The chemical composition and physical properties of copper 
slag are presented in Table 2.5 & 2.6 respectively. The mix design of concrete is 
presented in Table 2.7. Specimens were prepared as required by ASTM C192-98 and 
tested accordance with BS 1881: part 116.  
 
 











Specific gravity 3.45 





Table 2.7 Mix design for concrete (Al-Jabri et al., 2006) 
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Figures 2.33, 2.34 & 2.35 show the plots between compressive strength of 
cube verses curing time. In these figures, it can be seen that at binder content of 
10.07% & water-binder ratio of 0.5, compressive strength of test mix (5% Copper slag 
+ 95% Cement) is higher than control mix (100% Cement) at all over curing time 
whereas at binder content of 9.3% & water-binder ratio of 0.6, compressive strength 
of test mix (5% Copper slag + 95% Cement) is lower at 7 days curing time but higher 
at 28 days curing time than control mix (100% Cement). At binder content of 8.85% 
 
& water-binder ratio of 0.7, the compressive strength of test mix (5% Copper slag 
+ 95% Cement) is found to be lower than control mix (100% cement) at all over 
curing time. Thus, the use of copper slag in concrete seems to have merit as a 
partial replacement of cement at lower water-binder ratio of 0.5, higher binder 
content of 10.07%, and longer curing time (Figure 2.36). The effect of copper slag 
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Figure 2.33 Plot of compressive strength of concrete vs curing time 






















Figure 2.34 Plot of compressive strength of concrete vs curing time 
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Figure 2.35 Plot of compressive strength of concrete vs curing time 



















Figure 2.36 Effect of binder content, water-binder ratio and curing time on 
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 (1) The copper slag affects the strength of concrete physically: At low water content 
of mixes (water-binder ratio = 0.5), major part of water (water-cement ratio = 0.38) is 
used by chemical reaction between cement & water. The remaining small amount of 
water is absorbed by coarse & fine aggregates and also used to fill the voids of test 
mix and control mix. Thus at the lower water content, strength of test mix as well as 
control mix remains unaffected by water content. 
At high water content of mix (water-binder ratio = 0.7), a part of water (water-
cement ratio = 0.38) is used in chemical reaction between cement & water but some 
part of water remains as free water. The free water is defined as the water that can 
move freely in the pores of mix. More free water is available in test mix because of 
the lower water absorption of copper slag particle than cement particle. The water 
absorption of particles depend mainly upon the specific surface area (fineness of 
particles). As the specific surface area of copper slag particles is lower than cement 
particle, the water absorption of copper slag particle is lower than cement particle. 
Thus strength of test mix will be lower than that of control mix due to more water 
availability in test mix than that of control mix.    
(2) The copper slag effects the strength of concrete chemically: At higher cement 
content (9.57% Cement + 0.5% Copper slag) and in longer curing time (28 days), 
higher amount of Ca(OH)2 was produced from hydration of cement and vise-versa. 
Then, Ca(OH)2 reacted with copper slag which contains pozzolans, produced the 
cementitious material. Thus, the strength of test mix increased as compare to control 
mix at higher cement content and longer curing time. However, lower cement content 
(less formation of Ca(OH)2) and shorter curing time (less formation of Ca(OH)2), 





Mobasher et al. (1996) studied the effect of addition of copper slag on strength 
of concrete cubes. Different percentages of copper slag content (0%, 5%, 10% & 15%) 
were used as a partial replacement of cement. Lime was used as an activator at higher 
percentage of copper slag content (15% copper slag). Design mixes of concrete are 
given in Table 2.8.  The results obtained from cube tests are shown in Figure 2.37.  
 

















The figure shows that the use of copper slag reduced the early strength (1
st
 day) 
while increasing it beyond the 7 days, the compressive strength of test mixes 
increased up to 90 days for all amount of slag studied. It was also noted that a major 
portion of strength gain took place during the 28-90
th
 day curing time. The one 
possible reason for higher rate of gain of strength of test mix than control mix during 
the 28-90
th
 day curing time is that in longer curing time, sufficient amount of Ca(OH)2 
is produced due to hydration of cement. The pozzolans present in copper slag then 
reacted with Ca(OH)2 produced cementitious material. 
Materials Unit Values 
Cement Kg/m
3
 482 458 434 410 
Copper slag Kg/m
3
 0 24 48 72 
Copper slag % 0 5 10 15 
Water Kg/m
3
 193 193 193 193 
Coarse aggregate Kg/m
3
 899 899 899 899 
Fine aggregate Kg/m
3
 624 615 606 598 
Cement content 
w.r.t. total solid 
% 24.04 22.94 21.84 20.71 
Copper slag content  
w.r.t. total solid 
% 0 1.20 2.41 3.64 
















Figure 2.37 Effect of copper slag on compressive strength of concrete  
           (After Mobasher et al., 1996) 
 
   Rojas et al. (2008) used copper slag as partial replacement of cement in mortar. 
The chemical composition of copper slag is presented in Table 2.9. In the preparation 
of test mix, 30% cement was replaced by copper slag. The composition of mix is 
given Table 2.10. It was noted that water-binder ratio of test mix (w/b = 0.35) is lower 
than control mix (w/b = 0.55). The specimens were prepared and tested after 7, 28, 90, 
180 and 360 days curing period following the method established in the European 
standard EN 196-1:1996. 







Figure 2.38 shows that the compressive strengths of test mix (% of control mix) 
increased with curing period. However the value of compressive strength of test mix 
at all curing time was found to be lower than control mix. At lower curing period, the 
Elements 
as oxides 
Fe2O3 SiO2 Al2O3 CaO MgO Na2O K2O SO3 






























Figure 2.38 Effect on compressive strength of concrete due to replacement of cement 
(30%) by copper slag (After Rojas et al., 2008) 
 
percentage of strength reduction is equal to or larger than the percentage of cement 
replacement. This is due to production of small amount of Ca(OH)2 at lower curing 
time. However, in longer curing period, the percentage decrease in strength of test 
mix was lower than the percentage of cement replacement, indicating that copper slag 
acted as pozzolans contributing to strength gain with curing time. 
  Taha et al. (2004) used copper slag as replacement of cement in mortar. The 
chemical composition of copper slag is given in Table 2.11. In preparation of Text   
 Control mix Test mix 
Cement (g) 1000 700 
Sand (g) 3000 3000 
Copper slag (g) 0 300 
Water-cement ratio 0.5 0.5 
Water-binder ratio 0.5 0.35 
Water (g) 500 350 
Cement Content (%) 25 17.5 




























































5% CS + 95% CS
1.5% Lime + 3.5% CS+ 95% Cement
100% Cement
5% Copper slag + 95% Cement  
1.5% Lime + 3.5% Copper slag + 95% 
Cement  
mix-1, 5% cement was replaced by copper slag while for preparation of Test mix-2, 
5% cement was replaced by 1.5% of lime and 3.5% of copper slag. The specimens 
were prepared and tested after 3, 7, 28, 56 and 90 days curing period following the 
method established in the Omanian standard (OS26-1981). 
Figure 2.39 shows that the plot of compressive strengths of different mixes 
verses curing time. It can be seen from figure that compressive strength of Test 
mix-1 was lower than that of control mix for all curing time. However, the 
compressive strength of Test mix-2 was lower before 50 days curing time but higher 
after 50 days curing time. The lower value of compressive strength of Test mix-1 
than that of control mix might be due to insufficient amount of Ca(OH)2 produced 
in Test mix-1 which did not activate copper slag to form cementitious material.  
 











Figure 2.39 Effect on compressive strength of due to replacement of cement by 




Fe2O3 SiO2 Al2O3 CaO MgO Na2O K2O SO3 Mn2O3 Al2O3 + SiO2 
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On the other hand for Test mix-2, sufficient Ca(OH)2 was produced in longer curing 
period which activated copper slag to form the cementitious material. The formation 
of more cementitious material due to activation of copper slag increased the 
compressive strength of Test mix-2. The formation of cementitious material due to 
reaction of Ca(OH)2 with SiO2 in copper slag indicated that copper slag possessed 
pozzolanic property.  
 
2.2.2 Pozzolanic Properties of Copper Slag 
Pavez et al. (2004) evaluated the pozzolanic activity of copper slag based on 
chemical requirement and compressive strength of mortar sample of control mix and 
test mix.  
In order to evaluate the pozzolanic activity based on chemical requirement, the 
chemical characteristics of copper slag were compared with the chemical characteristics 
required by Brazilian standard NBR 12653. The author found that copper slag 
characteristics were within Brazilian standard values as shown in Table 2.12. 
Table 2.12 Chemical compositions of pozzolanic material 







For verification of pozzolanic activity of copper slag based on compressive 
strength, mortar sample of control mix and test mix were prepared and tested. Text 
mix of cement/copper slag ratio of 1:3 and control mix of cement/sand ratio of 1:3 
Required characteristics Copper slag NRB 12653 
[SiO2 +Al2O3 +Fe2O3], % 79.28 ≥ 70 
SO3, % 0.04 ≤ 5.0 
Available alkali in Na2O 0.48 ≤ 1.5 
Lost by fire, % 0.00 < 60 





were prepared. Copper slag has 40% particles less than 75µm. Sand has 95% particles 
greater than 75µm. The compressive strength test was conducted after 3 and 7 days 
curing period.  
 Table 2.13 shows that test mix sample has higher compressive strength than 
that of control mix. The gain of strength of text mix indicated that the copper slag had 
pozzolans i.e. Al2O3, SiO2 etc that reacted with calcium hydroxide and formed the 
cementitious material. The formation of cementitious material indicated that copper 
slag possessed pozzolanic property.  
Table 2.13 Compressive strength of copper slag-mortar and sand-mortar 




Tixier et al. (997) investigated the pozzolanic properties of copper slag by 
semi quantitative X-ray diffraction. Two types of pastes were prepared with and 
without microsilica. For first type of sample preparation, 95% of copper slag and 5% 
of hydrated lime were used where as for second type, 85% of copper slag, 10% 
microsilica with gypsum and 5% of hydrated lime. The semiquantitative X-ray 
diffraction analyses of both samples were carried out at various curing time. The 
relative intensities of the fayalite peaks vs time were plotted as shown in Figure 
2.40(a) & (b). One of these peaks corresponding to the major peak of calcium 
hydroxide, i.e., CH (2.63A) was detected. It can be seen from the figures 2.40(a) & 
(b) that the relative intensity of fayalite peak corresponding to 2.63A decreases after 
5 days as other peaks corresponding to other fayalite remain constant for both pastes 
with and without microsilica. The reduction of relative intensities of the fayalite peak 
corresponding to calcium hydroxide from the paste without silica indicated that the 
copper slag possessed pozzolanic property. 
Curing  time 
(days) 
Compressive strength (kPa) 
Copper slag-mortar Sand-mortar 
3 294 140 



















Figure 2.40 (a) Variation of fayalite intensity peak ratio from the paste of lime-copper 














Figure 2.40 (b) Variation of fayalite intensity peak ratio from the paste of lime-copper 
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2.2.3 Summary of Literature Review Related to Copper Slag and Formulation 
of Problem:  
 
  Madany et al. (1991) found that in longer curing period, strength of mortar-test 
mix can be achieved similar to that of mortar-control mix by replacing sand from 
control mix by copper slag. For concrete sample, the higher compressive strength of 
test mix than that of control mix can be achieved provided slump value of test mix 
should be equal to that of control mix. Here, it was noted that to make the slump value 
of test mix similar to control mix, the water-cement ratio was required to reduce. Al-
Jabri et al. (2009) used copper slag as a partial replacement of sand for mortar. The 
author found that with increase in percentage replacements of sand by copper slag, the 
compressive strength of concrete cube increased for both 7 and 28 days curing period. 
Interestingly, it was also found that to maintain the workability of test mix equivalent 
to control mix, the water-cement of test mix reduced in comparison with control mix. 
This reduction of water-cement ratio was found due to lower absorption capacity of 
copper slag than that of sand. This finding is quite similar to Madany et al. (1991) for 
concrete sample.  
  Al-Jabri et al. (2006) and Mobasher et al. (1996) used copper slag as a partial 
replacement of cement in concrete. Al-Jabri et al. (2006) found that at binder content 
of 10.07 & water-binder ratio of 0.5, compressive strength of test mix was higher than 
that of control mix at all over curing time whereas at binder content of 9.3 & water-
binder ratio of 0.6, compressive strength of test mix was lower than control mix for 7 
days curing time but higher than that of control mix for 28 days curing time. 
Mobasher et al. (1996) found that beyond 7 days cutting period, the 
compressive strength of test mix (copper slag-concrete mix) was higher than that of 
control mix (concrete mix without copper slag) and increased with increasing amount 





place during the 28-90
th
 day curing time. Thus, from these studies of Al-Jabri et al. 
(2006) and Mobasher et al. (1996), it can be concluded that higher strength of test mix 
than that of control mix can be achieved in longer curing period.  
  Rojas et al. (2008) and Taha et al. (2004) used copper slag as a partial 
replacement of cement in mortar. Rojas et al. (2008) found that at lower curing period, 
the percentage of strength reduction is equivalent to or larger than the percentage of 
cement replacement. However, in longer curing period, the percentage decrease in 
strength of test mix was lower than the percentage of cement replacement, indicating 
that copper slag acted as pozzolans contributing to strength gain with curing period. 
Taha et al. (2004) found that with addition of lime, the compressive strength of test 
mix can be achieved higher than control mix. Thus it seems that sufficient Ca(OH)2 is 
very much needed to activate the copper slag. The sufficient Ca(OH)2 can be made 
available for reaction with copper slag either from hydration of sufficient cement in 
smaller curing period or hydration of cement in longer curing period or addition of 
lime separately. In addition to this, water-cement ratio also played an important roll 
for efficient use of copper slag, as it can be seen that at lower water-cement ratio, the 
strength of test mix can be achieved higher than control mix while maintaining the 
workability of test mix equivalent to control mix. Thus it can be concluded that the 
use of copper slag will be beneficial as a replacement of sand and a partial 
replacement of cement when it used at lower water-binder ratio and cured for longer 
curing period compared to water-binder ratio and curing period of conventional 
mortar and concrete  
Many researches have been conducted on adding copper slag in mortar and 
concrete. The some of them (e.g. Madany et al., 1991; Al-Jabri et al. (2009)) focused 





1996; Taha et al., 2004; Douglas and Mainwaring, 1985; Pavez et al., 2004; Moura et 
al., 2007)) mentioned that copper slag can be used as partial cement substitute as they 
observed gain in strength credited to the pozzolanic property of copper slag. However, 
others (e.g. Lim et al., 2006) stated that copper slag has no observable pozzolanic 
property. Hence, there is no clear consensus on the pozzolanic properties of copper 
slag yet. This present research aims to evaluate observable pozzolanic property of the 
copper slag. If copper slag does exhibit pozzolanic property, it can be expected that 
combined effect of copper slag properties i.e. pozzolanic property and low water 
absorption capacity, enable the treatment of clay with copper slag to behave a partial 
replacement of cement in treating soft marine clay. However, till now the effect of 
increasing amount of copper slag on engineering and microstructural properties of 
cement-treated marine clay is not known. Thus, the present research attempt to 
investigate the effect of increasing amount of copper slag on engineering and 
microstructural properties of cement-treated marine clay for a range of water content 
and cement content. The range of water content and cement content of mix used in the 
research is selected as per the common range used in jet grouting so that the mix can 
be used in low pressure grouting and jet grouting. It is likely that addition of copper 
slag to the soft clay will change the engineering and microstructural properties of 
cement-treated soft clay. Thus this research also attempts to investigate the mechanism 
of such a change in engineering and microstructural properties of cement-treated soft 
clay. This problem forms the first part of present research. As mentioned earlier that 
the intension of copper slag is to use copper slag as partial cement replacement in low 
pressure grouting. Hence, the literature and problem related to grouting will be dealt in 







2.3 Cement-Treatment of Soft Soil by Grouting 
Grouting is method in which grout is injected into the ground to improve the 
engineering property of soil. There are mainly three different kinds of grouting. They 
include permeation grouting, displacement grouting and jet grouting. In permeation 
grouting, the grout flows into the pores of the soil without displacing or changing the 
soil structure. The characteristics of the ground are then modified with the hardening 
or gelling of the grout. This grouting technique is generally applied on sandy and 
gravely kind of soils. In displacement grouting, a relatively stiff grout, low slump 
grout is injected in the in-situ soil under pressure. The grout does not permeate the soil 
matrix but rather forms bulbous cement mass. Strategically placed grout bulb 
“columns” within the target soil zone displace and density the surrounding soil. The 
application of compaction grouting is most effective in cohesionless soils but can also 
be effective in finer grain soils. In jet grouting method, highly pressured grout is 
injected into ground to erode the soil and simultaneously mixed with soil. This 
method can be applied from cohesionless soils to highly plastic clays. 
In jet grouting method, the ground is subjected to high pressure during the 
treatment of soft soils. The high pressure may cause the ground heaving which can 
damage the near-by structures (Sheen, 2002).  To over come to this situation, Chew 
(2005) developed a low pressure grouting technique which is only applicable to peaty 
soil containing more void. This grouting technique is some what similar to permeation 
grouting.  
  In this low pressure grouting technique, liquefied soil-cement mix (LSM) with 
appropriate mix ratio between cement and recycled waste materials (e.g. clay) is 
injected into peaty soil mass which fills the voids and fissures at low injection 





structure of the peat is altered and thus the properties are improved. Thus, the strength 
and stiffness of treated peaty soil can be enhanced (Hebib and Farrel, 2003) and 
therefore further compression of the composite cement-clay-peat soil layer could be 
greatly reduced or eliminated. The present low pressure grouting method is worked 
successfully but limited to peaty soil only. So far, no comprehensive study has been 
carried out to treat the soft clay in at low pressure so that this technique can be used in 
built-up area. Hence, the aim of present research to evaluate the performance (i.e. via 
the radius of grouted column) of low pressure grouting technique in soft marine clay.  
Although, the range of injection pressure for low pressure grouting is different 
from jet grouting, however the literature reviews related to jet grouting can be useful 
to form the basis of present research. Hence, next section reviews the literature 
related to jet grouting. In particular, the effect on diameter of grouted column due to 
change in the operational parameters of the jetting system and soil properties are 
discussed. The current researches on predicting diameter of grouted column are also 
presented. 
 
2.3.1 Operational Parameters 
2.3.1.1 Injection Pressure 
 Ho (2005) studied the effect of injection pressure on cutting distance by using 
model soil of cement-treated kaolin. The results show that there is clear trend of 
increasing cutting distance with increase of injection pressure. Shibazaki (2003) 
estimated minimum pressure for erosion of soil experimentally called critical 
pressure. Figure 2.41 shows the critical pressure of sandy and cohesive soil. It is 





time goes on. However, the pressure must exceed critical point in a practical work for 
being cost effective. The value of critical pressure for cohesive soil of qu = 150 kPa is 



























(b) Cohesive soil, qu = 150 kN/m
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Figure 2.41 Relation between jetting pressure and eroding distance 
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2.3.1.2 Rod Rotational Speed  
 Adequate exposure time of soil surface to the jet stream is essential for 
effective jet penetration. The exposure time is a function of the strength of soil and 
can be controlled by rotational speed. Lunardi (1997) indicated that there is lower 
limit of rod rotational speed below which “jet reflection” occurs (i.e., jet front will 
overlap with return slurry). This will reduce the cutting efficiency unless special 
precautions are taken. When rotational speed is too high, the exposure time is 
reduced and penetration distance of jet is also reduced. So, Lunardi (1997) suggested 
the typical value of rod rotational speed in the range of 5 to 15 rpm for Single fluid. 
This suggestion is found to be consistent with the experiment results of Ho (2005). 
Yoshida et al. (1991) have also studied the effects of rod rotation speed on 
cutting distance, using model soil consisting of silty sand with SPT, N = 3 to 6 
blows/300 mm. For a given hydraulic power, the cutting distance decreased with 
increasing rotational speed of the jet (Figure 2.42). The reduction was most significant 
for rotational speeds greater than 10 rpm. 
It seems that rod rotational speed for evaluation of maximum diameter of 
grouted column in cohesive soil has been used in the field based on past experience 
and experiment done on silty sand. Recently, Ho (2005) studied the effect of 
rotational speed on cutting distance without withdrawal of jetting pipe and found that 

















Figure 2.42 Effect of rotational speed on cutting distance in sand 
(after Yoshida et al., 1991) 
 
2.3.1.3 Withdrawal Rate 
 The exposure time of the soil to the jet stream is also controlled by the 
withdrawal rate of the jetting pipe. Similar to rod rotational speed, there is minimum 
rate of withdrawal below which the injected fluid will not effectively penetrate the 
ground due to the jet reflection and will backup the borehole (Lunardi, 1997). For a 
fixed rotational speed, a faster withdrawal rate will result of reduced exposure time, 
as a result of reduced jet grout column diameter. Lunardi (1997) suggested the 
typical value of withdrawal rate in the range of 150 to 1000 mm/min (Single fluid), 
100 to 300 mm/min (double fluid) and 60 to 150 mm/min (triple fluid). 
For a given jet grout column diameter (D) and a withdrawal rate (vt), Essler 
(1995) assumed that the volume of soil (V) eroded per unit time (dV/dt = (D
2
/4)vt) is 
constant for a fixed input energy for similar soil. Therefore, the column diameter is 
inversely proportional to the square root of the withdrawal rate (D  l/ vt). This is 
consistent with findings by Bell (1983) which showed that, for a fixed jetting energy 
and soil condition, the square of the treated diameter is inversely proportional to the 








































Figure 2.43 Effect of withdrawal rate on jet grout column diameter 
(after Coomber, 1985) 
 
2.3.1.4 Number of Revolution  
 Ho (1995) investigated the effect of number of revolution on cutting distance 
using model soil consisting of cement-treated kaolin. The number of revolutions of 
the nozzle (or the number of passes of the jet) was varied (N, = 1, 5 and 10 
revolutions) while keeping the other operational parameters constant. The result is 
shown in Figure 2.44. The figure shows that the maximum cutting distance was 
effectively achieved with a single pass of the jet. No obvious increase of the cutting 
distance was observed with additional passes of the jet. This is consistent with the 
observations of Guatterri et al. (1988) in field trials, that the full jet grout column 
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Figure 2.44 Effect of number of revolution on avg. radius of jet grout column 
(After Ho, 2005) 
 
2.3.2 Effect of Nozzle Size and Shape  
 Jet grouting is carried out using a single or multiple nozzles at the same level 
diametrically placed from one another. The nozzles are attached to the side of a 
jetting monitor pipe. The number of nozzles, diameter and shape directly influence 
the flow rate of injected fluid; and thus the diameter of grouted column and grouts 
mixing in the soil are affected. The diameters of nozzle range from 1.0 to 5.0 mm and 
number of nozzle may vary from 1 to 4. Lunardi (1997) indicated that larger nozzle 
diameter make more efficient use of the power applied for given power supply. 
However increase in number of nozzles, decreases the cutting performance due to a 
greater loss of head. Shibazaki (1997) indicated that the shape and dimension of 
nozzle are also important factor for successful jet grouting performance. Figure 2.45 
(a) shows the pressure decay along the jet central line with distance from the nozzle 















































































Distance from nozzle (nozzle diameter) 
an inclined angle of 13
0
. Figure 2.45 (b) shows that, for fixed cone angle of 13
0
, 
optimum jetting conditions is achieved when the length of the straight portion in the  






























Figure 2.45 Effect of nozzle shape on jet grouting performance 
(after Leech and walker,1996) 
(a) Nozzle taper 





grouting, Shibazaki (1997, 2003) recommends that the nozzle design should be based 
on a 13° cone angle with a straight portion of between 2.5 and 3.0 times the nozzle 
diameter. 
 
2.3.3 Effect of Soil Properties 
Different soil types exhibits different erodibility characteristics (Burke, 2002). 
Bell (1993) indicated that sands are the best suited for treatment and large jet grout 
diameter can be formed. The relative density of sand is more important than grading, 
especially when the uniformity coefficient (cu = D60/d10) is high. It is observed that 
column diameters are not affected by grading for D60/D10> 10 (Miki, 1985). Welsh et 
al. (1986) also indicated that particle size distribution has little effect on jet 
penetration in sand, or silt dominated mixture with D60/D10>8. Soil with lower 
uniformity coefficient is most easily eroded and column diameter up to 3 m or more 
at normal operating parameters can be achieved. 
Highly plastic clays are difficult to erode as they are bounded by cohesion. 
Bell (1993) observed that excavation efficiency is influenced by even small amounts 
of cohesion in soil. The diameters achieved in silty sand and silt is therefore smaller 
than in clean sand. This effect is much more significant in cohesive silt or clay 
deposits. Experience reported by Welsh et al. (1986) has shown that increased 
cohesion in the soil produces smaller diameters for the same jetting pressures and 
withdrawal rates. In order to achieve the same diameter, need to increase energy of 
jetting or decrease withdrawal rates of monitor pipe. Most of the energy is absorbed in 
breaking down the cohesion for soils with undrained shear strength, Cu > 41 kPa and 
jet grout diameters larger than 1.5 m are seldom achieved. Luo et al. (1997) reported 





blows/0.3 m and Cu = 48 to 52 kPa, even with the triple fluid jetting system. This is 
consistent with observations by Bell (1993), which suggests that jet grouting in soils 
with shear strengths, Cu > 50 to 60 kPa are limited.  
Bell (1993) indicated that complexibility of natural soil and the range of 
operational parameters that required to be controlled. So, there is no any reliable 
theoretical relationships governing jet grouting have so far been determined. The 
selection of parameters often has to be guided by experience and empirical 
relationships. 
 The comprehensive guidelines for selection of jetting parameters are given by 
the Japanese Jet Grouting Association (JJGA, 1995). The operational parameters for 
double fluid jet grouting in granular soil and cohesive soil are given in Tables 2.14 & 
2.15   respectively for depths less than 25 m below ground. Table 2.16 & 2.17 provide 
the operational parameters for the triple fluid system. The triple fluid system allows 
jet grout columns to be formed at depths up to 40 m. The limit of soil treatment for 
cohesive soil is N = 4 blow/0.3m for double fluid system and N = 9 blows/0.3 m for 
triple fluid system can be seen in Tables. The corresponding limits for treating  
 
 
Table 2.14 Effective column diameter and operational parameters for double fluid 
system in granular soil (after JJGA, 1995) 
 
 
SPT N value 
(blows/0.3) 
N<10 10<N<20 20<N<30 30<N<35 35<N<40 40<N<50 
Diameter (m) 
0<Z<25 
2.0 1.8 1.6 1.4 1.2 1.0 
Withdrawal rate 
(min/m) 
40 35 30 26 21 17 













 Table 2.15 Effective column diameter and operational parameters for double fluid 

















Table 2.16 Effective column diameter and operational parameters for triple fluid 














0<N<1 1<N<2 2<N<3 3<N<4 
Diameter (m) 
0<Z<25 
2.0 1.8 1.6 1.4 1.2 
Withdrawal rate 
(min/m) 
30 27 23 20 16 









SPT N value 
(blows/0.3) 
N<30 30<N<50 50<N<100 100<N<150 150<N<175 175<N<200 
Diameter (m) 
0<Z<30 m 
2.0 2.0 1.8 1.6 1.4 1.2 
Diameter (m) 
30<Z<40 m 
1.8 1.8 1.6 1.4 1.2 1.0 
Withdrawal 
rate (min/m) 























Table 2.17 Effective column diameter and operational parameters for triple fluid 






















granular soil using double and  triple fluid system are N = 50 blows/0.3 m (double 
fluid) and N = 200 blows/0.3 m (triple fluid). The achievable column diameters are 
reduced when jetting is carried out at greater depths between 30 and 40 m. It can be 
seen from table that the expected range of column diameters will be 1.0 to 2.0 m 
generally.  
Local and regional experience in jet grouting shows a slight variation in the 
grouting parameters as presented in Table 2.18 reproduced from Yogarajah and 






SPT N value 
(blows/0.3)  
N<3 3<N<5 5<N<7 7<N<9 
Diameter (m) 
0<Z<30 m 
2.0 2.0 1.8 1.6 
Diameter (m) 
30<Z<40 m 


























Table 2.18 Typical grouting parameters in local and regional works 
(modified from Yogarajan and Ganeshan, 1997) 
 
2.3.4 Prediction of Radius of Grouted Column 
 Due to presence of many variables in jet grouting process, the predictions of 
diameter of grouted column have been done mostly with empirical correlations. 
However these correlations only provide rough estimate of diameters of grouted 
column. Very few researchers have approached to evaluate the diameter of grouted 
column analytically.   
Tornaghi (1989) correlated the specific energy of jet (Es) with diameter of 
grouted column. Where Es is defined as the energy (E) consumed in forming a unit 
height of diameter of grouted pile (i.e. Es = E/H). The total energy supplied, E = 
Pp*Q*t and treated column height, H = vt*t, where Pp is the pressure at the pump, Q is 
the flowrate, vt is the withdrawal rate and t is the duration of injection. The specific 
energy may be expressed in a simpler form, Es = P*Q/vt.  
Croce and Flora (2000) estimated the energy at pump and nozzle and found 
that there is loses of energy about 20% in jetting which can be seen in Figure 2.46. 
Description Unit Single Tube Double Tube Triple Tube 
Medium - Grout Grout and air Grout, air and water 
Cutting medium - Grout Grout and air Air and water 
Grout pressure MPa  80  20  10 
Grout flow rate l/min varies 60 100 60 100 
Water pressure MPa N. A. N.A.  40 
Air Pressure MPa N. A 0.6 0.7 0.6 1 
Withdrawal rate min/m 60 20 60 20 <10 
Column diameter m varies 1.4-1.6 1.6-2.0 
Lateral/ vertical 
displacement 
- High High Negligible 
Strength - Low Medium high 

















Figure 2.46 Comparison of energy at the nozzle and at the pump 
(after Croce and Frora, 2000) 
 
To account for energy losses, the authors proposed that the energy at the nozzle exit 
should be used to correlate with column diameter instead i.e., En = 1/2m*vo
2
/H, where 
m is the mass of cutting fluid injected in a given time interval, t, vo is the nozzle exit 
velocity and H is height of column. The mass is computed as m = *Q* t, where  
and Q are the fluid mass density and flowrate of the cutting jet respectively. The exit 
velocity is given by v = (Q/n)/An where n is the number of nozzles and An is the 
cross-sectional area of the nozzle. However, the authors found that the correlation of 
column diameter with En is still very scattered, except for silty sands with average 
SPT N = 15 blows/0.3 m, where an approximately linear relationship was obtained 
(Figure 2.47). 
Modoni et al. (2006) developed an equation based on his analytical studies to 
predict the maximum radius of grouted column in single fluid grouting for clayey soil. 
In the analysis following hypotheses are made: 
(1) The velocity profile is similarly shaped in each cross-section all along the distance 















Figure 2.47 Relationship between column diameter and energy at the nozzle 







xr                      (2.1) 
where xrv  is the velocity at a point of coordinates x and r    
(Figure   2.48) 



















(2) The fluid viscosity is proportional to the fluctuation velocity component normal to 
the x-axis, which is proportional to the differences (min)xrxc vv  in each cross-
section ( (min)xrv  is always equal to 0), and to the mixing length assumed by Prandtl 
(1942, as reported by Hinze, 1948) as proportional to the current value of jet 
diameter. 
(3) The momentum of the jet in each-section is constant along with the distance x 
from the nozzle. 
Under these hypotheses the following relationship is derived. 






                      (2.2) 










xr                    (2.3) 
where N is turbulent kinematic viscosity ratio of injected fluid and  
water 
                 is constant depending on nozzle shape 
                        dn is nozzle diameter 
                        x, r are distance along x and r direction respectively (Figure 2.48) 
For the simplicity, it is assumed that for a given value of x, the velocity vx of jet 
thread is constant in the whole cross-section and equal to a mean equivalent value veq. 
The expression for mean velocity can be given: 
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It is assumed that the jet erosion for cohesive soils is to be a global collapse, similar to 
the failure mechanism produced by distributed force acting on a circular shallow 
foundation. Under such a hypothesis the resistance per unit area provided by the soil 
is dependent on its undrained cohesion Cu, and can be expressed by the following 
relation: 
                       uc C1                           (2.5) 
                       where 1 is constant 
The erosive action of jet is quantified by the force per unit cross-section produced by 
equivalent jet. The force per unit cross-section is given by the equation:  






                      (2.6) 
             where f is the unit weight of the injected fluid, 
             fv  is jet velocity at impact points, and 
             2  is constant. 
When the jet equivalent pressure  equals the resistive pressure c , the jet velocity 
fv  attained the limiting value Lv . Thus, the limiting value Lv  can be given by: 





v                       (2.7)       
          where 
1
2
c  is constant evaluated by experiment  
          (Dabbagh et al. (2002)) 
If the limiting velocity Lv  is put equal to the equivalent velocity of jet, the maximum 























                    (2.8)  
                        where Pi  is injection pressure 
Putting the value of constant in above expression ( ,16  ,35.0C 36.0c ), the 
expression can be written: 






R 4.26max                          (2.9) 
Similarly, Ho (2005) determined the maximum radius of grouted column analytically 
and experimentally. It is assumed that at the limit of jet penetration (ultimate cutting 
distance at x = lj), the average bearing pressure of jet (Pxa) diminishes to ultimate 
bearing resistance of soil (qbu). 




 hypothesizes of Modoni et al. (2006) is considered 
and following relationship is derived.  





                  (2.10)  
                        where vxc is centerline axial velocity   
  vo is velocity of fluid at nozzle 
                       x0 is length of potential core = 6.25dn 
        dn is diameter of nozzle 
From experiment, the velocity distribution can be described by a normal probability 
function of the form: 

















                      where r is radius from centerline axis of the jet  
      ri is radius at inflection point  
The plane perpendicular to the jet axis, the stagnation pressure (Pxr) at radius (r) from 
the centerline axis is given by: 




xrjxr vP                 (2.12) 











vP              (2.13) 
At distance x, downstream of the nozzle, the total force (Fb) acting at the jet tip 






            (2.14) 
Hence, the average bearing pressure (pxa) close to the jet tip is then given by 
                        
2r
F
P bxa                                                                                       (2.15) 



















P               (2.16) 
At large distances downstream of the nozzle, r
2
/ 2ir  is small and the average bearing 
pressure (Pxa) approaches the stagnation pressure (Pxc) at the centerline axis. i.e. 




xcjxa vP                     (2.17) 








P ooixa                                                                          (2.18)                                                





Ultimate bearing resistance of the soil is given by 
 qbu = NcCu                                                                                                                (2.19) 
                       where     
                       Nc is bearing capacity coefficient, and 
                       Cu is undrained shear strength. 
By equating Pxa to qbu 

















vP ji  and ndx 25.60 in above equation 






dl 25.6  (2.20) 
              lj is ultimate cutting distance,  
         Pi is injection pressure, and                        
         dn is diameter of nozzle.  
 Putting 57)max( jj lR  and ubu Cq 4.2 (from laboratory experiment by Ho (2005)) 












                                                                          (2.21)     
                        Rmax (j) is maximum radius of jet grout column. 
The above equations 2.9 and 2.21 normalized equation are obtained relating to 
maximum radius of jet grout column (Rmax), nozzle diameter (dn), injection pressure 
(Pi) and undrained shear strength (Cu) (Figure 2.49). In the equation, the maximum 
radius is proportional to diameter of nozzle and square root of injection pressure. It 
should be noted that the relationship is derived based on three hypotheses that 






















Figure 2.49 Presentation of radius of grouted soil 
 
has significant advantage over empirical correlations which correlate jet grout column 
diameter and the specific energy consumed (Es), such as methods proposed by 
Tornarghi (1989) and Croce and Flora (2000) . 
Again, as mentioned earlier, the relationship given by Modoni et al. (2006) 
derived analytically is dependent on viscosity of grout. However, Ho (2005) has not 
considered the effect of viscosity of grout that made the expression independent of 
viscosity of grout. The effect of viscosity of grout has not been studied 
experimentally yet. However, it is important to study the effect of viscosity on radius 
of grouted column because it is common practice to use different viscosity of grout 
(different water-cement ratio) in the field. Apart from this, the effect of overburden 
pressure on radius of grouted column is not considered by both analyses which is 
important as grouting is done at certain depth from ground surface.    
Furthermore, the relationship established by Ho (2005) i.e. equation 2.21 may 
be valid for laboratory conditions as shown in Figure 2.50. However, this experiment 




dn: nozzle diameter 
Untreated soil 
Cu: Undraind shear strength 






(i) Sodium silicate grout was used as jetting fluid in the experiment, which may not 
be similar to cement grout used in the field.  
(ii) The effect of viscosity of grout is not considered in the experiment, but it is 
important because viscosity of cement grout depends upon water cement ratio 
which can vary depending upon field requirement. 
(iii) The effect of rotational speed was studied without lifting the jetting pipe. 
(iv)  The radius of grouted column was determined when jetting pipe was rotating not   
lifting at certain interval.  













Figure 2.50 Normalized relationships between cutting distance and pressure-strength 








2.3.5 Summary of Literature Review Related to Grouting and Formulation of 
Problem 
 
It is clear that the optimum operational parameters which provide diameter of 
grouted column are selected based on experience and experiments on silty sand. The 
current methods for prediction of diameter of grouted column are highly empirical and 
depend on a field trial results at shallow depth to assist in selection of operational 
parameters which may not be representative at greater depth. Hence, it is needed to 
find the operational parameter through experiment which can represent the actual field 
condition.  
Very few researchers have approached to evaluate the diameter of grouted 
column analytically. Modoni et al. (2006) established the relationship to evaluate the 
maximum radius of diameter of grouted column analytically and found that maximum 
radius of grouted column depends on viscosity of jetting fluid. Ho (2005) also 
established the relationship to evaluate the radius of grouted column analytically and 
experimentally and found that diameter of grouted column did not depend on viscosity 
of jetting fluid. Thus it is unclear that maximum radius of grouted column dependents 
on viscosity of grout or not. However, it is important to study the effect of viscosity 
because it is common practice to use different viscosity of grout (different water-
cement ratio) in field. In addition to this, the effect of overburden pressure on radius 
of grouted column is not considered by both analyses which is important as grouting 
is done at certain depth from ground surface. 
Furthermore, the relationship produced by Ho (2005) may be valid for 
laboratory conditions, but the experimental condition simulated may not simulate the 
actual field conditions because: Sodium silicate grout was used as jetting fluid in the 
experiment, which may not be similar to cement grout used in the field. The effect of 





viscosity of cement grout depends upon water-cement ratio which can vary depending 
upon field requirement. The effect of rotational speed was studied without lifting the 
jetting pipe. The radius of grouted column was determined when jetting pipe was 
rotating not lifting at certain interval. Hence, in present research, a laboratory grouting 
model apparatus will be designed to eliminate the above limitations. The performance 
of low pressure grouting was evaluated by using this new apparatus by copper slag-
cement grout jet in Singapore marine clay (SMC). Copper slag-cement grout is used 
in this experiment because the present research attempt to treat SMC by copper slag-
cement grout as discussed earlier in first part of research. The diameter of grouted 
column will be taken as key performance parameter in low pressure grouting. 
Normalized plots of this diameter verses other key parameters (injection pressure, 
nozzle diameter, undrained shear strength and viscosity) will be evaluated. The 
knowledge of these results will enable the design of actual treatment using low 
pressure grouting in the field. This problem forms the second part of present research. 
Please note that grouting experiment will be conducted to model low pressure 
grouting. Hence, this method can be used to soft marine clay in built-up area without 














Experimental Set-up and Procedure for Properties Determination of 
Cement-Treated Singapore Marine Clay with Copper Slag 
___________________________________________________________ 
3.1 Introduction 
This chapter contains the details of experimental set-up and procedure for the 
first part of research. There are two main items of this part: (1) Evaluation of the 
pozzolanic property of copper slag, and (2) Investigation of changes in engineering 
properties (i.e. unconfined compressive strength, consolidation properties and 
Atterberg limits) and microstructural properties of cement-treated Singapore marine 
clay (SMC) with increasing amount of copper slag. For the evaluation of pozzolanic 
property of copper slag, compressive strength test on sand-mortar samples were 
conducted. Further, for verification of pozzolanic reaction between fine portion of 
copper slag and calcium hydroxide (Ca (OH)2),  X-rays  diffraction (XRD) study was 
conducted. For the evaluation of the engineering properties of cement-treated clay 
with and without copper slag, the following tests were conducted: Atterberg limits, 
unconfined compression, and Oedometer consolidation. In additional, the 
microstructural property of treated clay was evaluated using scanning electron 
microscope.  
 
3.2 Properties of Basic Components  
3.2.1 Sand  
The evaluation of pozzolanic property of copper slag was done according to 
ASTM C618-08a. According to ASTM C618-08a, “standard sand” is needed to 
prepare the mortar sample for evaluation of pozzolanic property of copper slag. It is 
basically sand with medium-gain size. The gradation range of this “standard sand” is 




shown in Figure 3.1. The gradation curve of sand used in this study is shown as the 
thick line in the same figure 3.1, which was reasonably well within gradation range of  
the “standard sand” specified. The physical property tests were also conducted on 
sand sample. It was found that the specific gravity (Gs) and water absorption were 2.7 









Figure 3.1 Gradation ranges of the “standard sand” and the sand sample used in this study 
for pozzolanic property study  
 
Table 3.1 Components of Ordinary Portland cement, copper slag (original gradation) and 
sand used in present study, and copper slag used in Al-Jabri et al. (2006) study  
Composition Ordinary Portland 
cement (OPC ) 
Copper slag 
(original gradation)  
Present study 
Sand  Copper slag 
Al-Jabri et al. 
(2006) 
Calcium oxide (CaO), % 64.39 7.29 - 6.06 
Magnesium oxide (MgO), % 1.10 1.29 - 1.56 
Potassium oxide ( K2O), % 0.57 0.9 - 0.61 
Nitrous oxide(Na2O), %  0.23 0.00 - 0.28 
Silicon oxide (SiO2), % 21.10 29.5 - 33.1 
Aluminum oxide (Al2O3), % 5.24 4.38 - 2.79 
Ferric oxide (Fe2O3), % 3.10 54.4 - 53.45 
Sulfur trioxide (SO3), % 2.52 - - 1.89 
Loss of Ignition, % 0.80 0.7 - - 
Al2O3  + SiO2 + Fe2O3, % 29.44 88.3 - 89.34 
Specific gravity 3.17 3.57 2.7 - 
Absorption (%) - 0.19 1.4 - 





















Sand sample  
used 




3.2.2 Ordinary Portland cement (OPC) 
 The additive used to prepare mortar sample and treated clay sample in this 
study was Ordinary Portland cement. Table 3.1 shows the physical properties and 
chemical compositions of OPC used. The chemical composition of OPC was obtained 
from analysis of Asian cement Co Pte. Ltd. 
 
3.2.3 Copper Slag 
 The copper slag used in this study was from JPL industries Pte. Ltd., 
Singapore. The colour of particles was black and shape of particle ranged from 
partially rounded to angular as can be seen in Figure 3.2. The angle of internal friction 
( loose) of copper slag was found to be 30
0
 at its loose state. Direct shear test was used 
to determine the angle of friction as per BS 1377-7:1990. Please note that here, loose 
state is defined as rapid pouring of dry copper slag from a small height of 10 cm. 
Chemical analysis of copper slag is presented in Table 3.1. The chemical 










Figure 3.2 Copper slag used in present study, collected from JPL industries Pte. Ltd., 
Singapore 




University of Singapore. Table 3.1 Shows that CaO contribute about 64% in OPC, 
whereas copper slag has only about 7% of CaO. This indicated that copper slag was 
not a very chemically reactive material as far as cementing reaction with CaO concern. 
On the other hand, copper slag has high concentrations of SiO2 and Fe2O3 compared 
with OPC. The summation of the three oxides (silica, alumina and Iron oxide) in 
copper slag was about 88% which was higher than the requirement of oxides of Class 
N raw and calcined natural pozzolans as stated in ASTM C618-08a. Furthermore, 
chemical composition of copper slag of present study was compared to that of Al-
Jabri el al. (2006) which was used as partial replacement of cement in concrete. It can 
be seen from Table 3.1 that chemical composition of both copper slag is quite similar. 
Therefore, copper slag was expected to have potential to show pozzolanic property. 
However, reviewing through the earlier researches done on copper slag, it was 
discovered that some copper slag did not show pozzolanic property might be due to its 
relatively larger particle size. Hence, in this research, a “fine grain copper slag” was 
produced by sieving out the particles larger than 0.15 mm. The copper slag which 
contains particles of size less that 0.15 mm was termed as “copper slag (fine 
gradation)” whereas copper slag as received (which contains larger particles) from 
industry was termed as “copper slag (original gradation)”. The grain size distribution 
curves of copper slag (original gradation) and copper slag (fine gradation) are shown 
in Figure 3.3. It was expected that copper slag (fine gradation) would be more reactive 
than copper slag (original gradation) because of its larger specific surface area. 
  Specific gravity (Gs) and water absorption of copper slag (original gradation) 
and sand were determined. The results presented in Table 3.1 shows that copper slag 
(original gradation) had a specific gravity of 3.57 which was higher than that of sand  




(2.7) and OPC (3.17) which might results in higher overall density. Table 3.1 also 
shows that copper slag had water absorption capacity of copper slag (original 













Figure 3.3 Particle size distributions of copper slag (original gradation) and copper 
slag (fine gradation) 
   
3.2.4 Singapore Marine Clay (SMC) 
  The sub soil condition in Singapore island consist of six major formations 
known as Kallang formation, Old alluvium, Jurong formation, Bukit Timah  granite, 
Gombak norite and Sahajat formation. Common properties of Singapore marine clay 
around Singapore Island have been extensively reported (Yong and Karunaratne, 1983; 
Tan, 1983; Chong et al., 1998). The upper marine clay is highly plastic with liquid 
limit and plastic limit typically ranging from 76 to 101% and 45 to 69% respectively. 
The average bulk unit weight is 16.3 ± 0.5 kN/m
3
 and natural water content is about 
60 to 92%. The lower marine clay is highly plastic with liquid limit and plastic limit 




























typically ranging from 65 to 85% and 38 to 55% respectively. The average bulk unit 
weight is 15.2 ± 0.6 kN/m
3
 and natural water content is about 50 to 69%. Typically, 
the organic content for both clay members is around 3%. Marine clay contains mainly 
kaolinite and illite as clay minerals. 
The soft Singapore marine clay used in this study was collected from 8 to 10 
m depth below ground level near City hall MRT station which is a part of upper 
marine clay of Kallang Formation. The index properties of this marine clay are listed 
in Table 3.2. 
 










3.3 Parameters Investigated 
The main objective of this experimental study was to evaluate the pozzolanic 
property of two grade of copper slag (original gradation & fine gradation), and 
subsequently, investigate the effect on engineering and microstructural properties of 




Liquid limit, % 82 
Plastic limit, % 42 
Plasticity index, % 40 
Specific gravity 2.7 
Grain size distribution: 
Sand size (%) 










3.3.1 Pozzolanic Property of Copper slag 
A summary of the laboratory testing program and scope for pozzolanic 
property evaluation is given in Tables 3.3. For pozzolanic property evaluation of 
copper slag as per ASTM C618-08a, the parameters studied include the actual cement 
content, actual copper slag (original gradation) content, actual copper slag (fine 
gradation) content and curing time. The flow value of control mix sample and test mix 
sample were kept constant. 12 number of mortar test cubes of size 50 mm x 50 mm x 
50 mm were cast for each mix proportion for testing of sample for compressive 
strength. Three samples for each mix were tested after 7, 28, 60 and 90 days of curing.  
Here
 “actual cement content”, “actual copper slag (original gradation) content” and 
“actual copper slag (fine gradation) content” are defined as follows:  
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where MC = mass of dry cement, Msand= mass of dry sand, MCS = mass of dry copper slag, 
MCS(OG) = mass of dry copper slag (original gradation) MCS(FG) = mass of dry copper slag 
(fine gradation). 




Table 3.3 Summary of laboratory testing program for pozzolanic property assessment 
of copper slag in sand-mortar sample 
 
 
Apart from pozzolanic property evaluation based on ASTM C618-08a, 
verification of pozzolanic reaction between fine portion of copper slag and Ca(OH)2 
in treated clay sample  was studied. A summary of the laboratory testing program is 
given in Tables 3.4. Parameters of treated clay varied were actual copper slag 
(original gradation) content and curing time. The flow value and actual cement 
content of control and test mix were kept constant for comparison of intensity of 
calcium silicate hydrate (CSH) produced in each mix. Here “actual cement content”, 
“actual copper slag (original gradation) content” and “actual clay content” are defined 
as follows.   





, and                    (3.4) 
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           (3.6) 
where MC = mass of dry cement, Mclay= mass of dry clay, MCS(OG) = mass of dry 
copper slag (original gradation). 
 
Copper slag - Copper slag 
 (original gradation) 
Copper slag 
 (fine gradation ) 
Mixes Control mix Test mix-1 Test mix-2 Test mix-3 Test mix-4 
Grain size of copper slag - <1.18 mm <1.18 mm <0.15 mm <0.15 mm 
Actual cement content (%) 26.67 21.33 26.67 21.33 26.67 
Actual copper slag content (%) 0 5.33 5.33 5.33 5.33 
Flow value required (%) 105-115 105-115 105-115 105-115 105-115 
Water content (%) 18.67 18.13 18.67 18.3 18.67 
Flow value achieved (%) 105 105 - 110 - 




Table 3.4 Summary of laboratory testing program for verification of pozzolanic 
reaction between fine portion of copper slag and Ca(OH)2 in cement-treated clay 
 
3.3.2 Properties of Cement-Treated Clay with Copper Slag 
To study the effect on engineering properties and microstructural of cement-
treated SMC with increasing amount of copper slag (original gradation), this study 
was divided into two groups: 
(a) Water content of test mix was kept to be the same as control mix within each test 
series. Cement contents were also kept to be constant within each series of test but 
amount of copper slag were varied (Test series-M, N and O). A summary of the 
laboratory testing program and scope of this study is given in Tables 3.5 (a) 
 
(b) The workability of test mix was kept to be the same as control mix within each 
test series. This study was further divided into two parts. The part 1 studied the effect 
of copper slag at constant workability with constant cement content in each series of 
test but varying amount of copper slag (Test series-P and Test series-Q). A summary 
of the laboratory testing program and scope of this study is given in Table 3.5 (b). Part 
2 studied the effect of copper slag at constant workability by keeping the end results 
of unconfined compressive strength (UCS) to be constant (Test series-R) by varying 
cement content and copper slag content. A summary of the laboratory testing program 
and scope of this study is given in Table 3.5 (c). 
In Table 3.5(a) and (b) “apparent cement content” and “apparent copper slag 
(original gradation) content” are defined as follows: 
Mixes Control mix-A Test mix-A Control mix-B Test mix-B 
Actual Cement Content (%) 22.5 22.5 42.5 42.5 
Actual copper slag content (%) 0 30 0 30 
Actual clay content 77.5 47.5 57.5 27.5 
Flow value (mm) 150 150 205 205 
Water content (%) 160 95 140 85 
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                      (3.8) 
where MC = mass of dry cement, Mclay= mass of dry clay, MCS(OG) = mass of dry 
copper slag (original gradation). 
 
Table 3.5 Summary of laboratory testing program for engineering property test and  
SEM test of treated clay 
 











Control mix  Test mix  
M M1 M2 M3 
Apparent cement content (%) 10 10 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100 100 
Actual cement content (%) 9.09 8.33 7.69 7.14 
Actual copper  
slag content (%) 
0 8.33 15.38 21.42 
Actual clay content (%) 90.91 83.34 76.93 71.42 
Water content (%) 100 
Curing time (days) 7 & 28  












Control mix  Test mix  
N N1 N2 N3 
Apparent cement content (%) 30 30 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100 100 
Actual cement content (%) 23.07 21.43 20.00 18.75 
Actual copper  
slag content (%) 
0 7.14 13.33 18.75 
Actual clay content (%) 76.93 71.42 66.67 62.50 
Water content (%) 100 & 140 
Curing time (days) 7 & 28  












Control mix  Test mix  
O O1 O2 O2 
Apparent cement content (%) 50                          50 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100                        100 
Actual cement content (%) 33.33 31.25 29.41 27.78 
Actual copper  
slag content (%) 
0.00 6.25 11.76 16.67 
Actual clay content (%) 66.67 62.50 58.82 55.55 
Water content (%) 100 & 140 
Curing time (days) 7 & 28 
Test name Unconfined compression 




Table 3.5 Summary of laboratory testing program for engineering property test and  
SEM test of treated clay 
 
 























Control mix  Test mix  





slag content (%) 






23.07 21.43 20.00 18.75 
Actual copper  
slag content (%) 
0.00 7.14 13.33 18.75 
Actual clay content 
(%) 




Water content (%) 100 94 88 82.5 
Curing time (days) 7 & 28  
Test name Index properties, Unconfined compression, Oedometer 











Control mix  Test mix  





slag content (%) 






33.33 31.25 29.41 27.78 
Actual copper  
slag content (%) 
0.00 6.25 11.76 16.67 
Actual clay content 
(%) 




Water content (%) 100 95 90 85 
Curing time (days) 7 & 28 
Test name Unconfined compression and Oedometer consolidation 





Table 3.5 Summary of laboratory testing program for engineering property test and  
SEM test of treated clay 
 
 
(c) Workability: constant, inferred from flow test and initial water content: 140%, 
 
In Table 3.5 (c), “actual copper slag content” and “actual cement content” are defined 
as according to equation 3.4 and 3.5. 
Please note that the samples were prepared with and without copper slag with 
the same apparent cement content and reference workability for each test series to 
avoid the bias. For example, for Test series-P, control mix (without copper slag) and 
test mix sample (with copper slag) were prepared with 30% apparent cement content 
and reference workability equivalent to 24 mm cone penetration value, and thus the 
effect of increasing amount of copper slag in cement-treated clay could be studied. 
Further, randomized block design was used to study the effect of curing time for a test 
series. For example, for Test series-P, components of mix for 7 and 28 days curing 
time were kept to be the same.   
It is understood that more number of replicates are required to obtain more 
precise value of test results. However, due to time constraints, replicates used in this 














Control mix Test mix  
R R1 R2 R3 
Actual cement content (%) 30.00 27.50 25.00 22.50 
Actual copper  
slag content (%) 
0 10 20 30 
Actual clay content (%) 70.00 62.50 55.00 47.50 
Flow value (mm) 150 150 
Water content (%) 140 125 112 95 
Curing time (days) 7 & 28  
Test name Index properties, Unconfined compression, Oedometer 
consolidation, pH value and SEM 
Targeted UCS at 7 days 
curing time (kPa) 
300 300 300 300 




3.4 Sampling Procedure 
3.4.1 Preparation of Mortar Cube Sample 
For evaluation of pozzolanic property of copper slag as per ASTM 618-08a, 
mortar cubes of control mix and test mix were prepared. For preparation of mortar 
cube of control mix, dry sand and dry cement were kept in Horbart mixer and mixed 













Figure 3.4 Mixing sand–cement mix in a mechanical mixer 
 
 was gradually added into mix and the whole mix was mixed continuously for 10 
minutes. The required amount of water was estimated based on the flow value of 
mortar mix recommended for pozzolanic property evaluation. After getting mortar 
mix, mortar cubes of size 50 mm x 50 mm x 50 mm were prepared and cured 
according to ASTM C 109/C 109M-07 (Figure 3.5a & b). The ASTM C 109/C 109M 
is a standard for testing compressive strength of hydraulic cement mortars, describes 
the method of curing of mortar sample. Here, the flow value was determined by 




conducting flow test according to ASTM C 1437-07. The ASTM C 1437 is a standard 
for testing method of flow of hydraulic cement mortar, describes the method for flow 
test of mortar sample. The brief description of flow test is given below. 
 
Figure 3.5 Preparation of mortar sample for compressive strength test 
 
In flow test, flow mould is kept on flow table (Figure 3.6a). The mortar mix 
with particular w/c ratio is then placed in flow mould in two layers by tampering each 
layer by 20 times. After removing extra mortar mix from top of flow mould and 
cleaning the flow table (Figure 3.6b), the flow mould is lifted and table is then 
dropped through 0.5 inch height for 25 times in 15 seconds. The diameter is then 
measured with calipers (Figure 3.6c). Here, the flow value is defined as percentage 
increase in diameter of mortar mix. 
For preparation of mortar cubes of test mix, beside dry sand and dry cement, 
copper slag was also added in Horbart mixer and mixed for 2-3 minutes to achieve 
homogeneity. Similar to control mix, the required amount of water was estimated 
from flow test and gradually added into mixture. The whole mixture was mixed 



























3.4.2 Preparation of Treated Clay Sample 
 The cement-treated clay samples were prepared from slurry clay and slurry 
cement. The required amount of water was added to the soft marine clay and mixed 
thoroughly in a Hobart mixer to obtain clay slurry of required water content. The 
cement slurry at required water-cement ratio (in the present study water cement ratio 
= 1:1 or 1:1.4) was then added to clay slurry to achieve a thorough and uniform 
mixing. The whole mixing process was done within 10 minutes to avoid hardening of 
clay-cement mixture.  
Flow mould 
(c) Measurement for flow value  
 
Figure 3.6 Determination of flow value 
 




 Here cement content and water content of treated clay was used based on the 
range of water content and cement content commonly used in jet grouting. Figure 3.7 
shows that the soil-cement ratio and water-cement ratio of cement-treated clay used 
for typical range of jet grouting along with used for deep wet cement mixing. It can be 
seen from figure that soil-cement ratio and water-cement ratio selected for present 















Figure 3.7 Soil-cement ratio and water-cement ratio for jet grouting and wet deep 
mixing (Lee et al., 2005) 
 
 
order to facilitate good mixing of cement grout with soil cuttings in the application of 
jet grouting, the proportion of water, cement and clay should be properly maintained 
such that the mix should be in workable range. Figure 3.8 shows workable range of 





























content as suggested by Chew et al. (1997). Volumetric water-solid ratio and cement 
content selected for present study were also within the workable range of jet grouting 












Figure 3.8 Workable range of cement treated SMC in jet grouting (Chew et al., 1997) 
 
  After getting clay-cement mixture of required cement content and water 
content, the mixture was placed into PVC moulds of 50 mm in diameter and 100 mm 
height. Care was taken to remove trapped air bubbles and voids from the mix during 
placement of the clay-cement mix in the moulds. The ends of the moulds then covered 
by filter papers and samples were kept submerged in water during the entire curing 
period. For preparation of Oedometer samples, the treated mixture was directly placed 
into Oedometer ring of diameter 70 mm and thickness 19 mm. The top and bottom of 
samples were covered by filter papers to keep end surfaces of samples smooth while 
they were in contact with water. The samples were then placed into fresh water for 





































Figure 3.9 Unconfined compression and Oedometer consolidation test samples of 
treated clay 
  
 For preparation of cement-treated clay with copper slag, the water content of 
test mix was kept to be the same as that of control mix or estimated from falling cone 
penetration test and flow test. The water content of test mix which gives similar 
penetration value or flow value of control mix was used for preparation of test mix 
sample. Here, falling cone penetration and flow test were used to infer and compare 
the workability of mixes. It was assumed that mixes having same penetration value or 
flow value have same range of workability. Generally, flow test was used to infer the 
workability of treated clay. However, at low water content of mix (for this case 100% 
or less), the flow of mix was slow that the flow test does not seem to give meaningful 
value (Figure 3.10). Hence, falling cone penetration test was used for these mixes 
instead of flow test to infer the workability.  
 Generally, falling cone penetration test is used to measure the maximum 
penetration value of 40 mm. However, at high water content (water content greater 
than 100%), cone penetration value was expected to be higher than 40 mm. Hence for 
the mixes which are higher water content, flow test was used (water content greater 
than 100%). 














Figure 3.10 Flow test conducted on 100% water content of cement-treated clay. 
 
In flow test, a PVC mould of diameter 80 mm and height 80 mm was placed 
on glass plate as shown in Figure 3.11a. The glass plate was calibrated to measure the 
flow value. The treated clay slurry with particular w/c ratio was then placed into PVC 
mould. After removing extra treated clay slurry from top of PVC mould and cleaning 
the glass plate (Figure 3.11b), the PVC mould was then lifted and slurry was allowed 
to flow on glass plate. The diameter of treated clay slurry on the glass plate was read 
corresponding to this water content (Figure 3.11c). The value of diameter of treated 
clay slurry on glass plate was called flow value.  
A test mix of cement-treated clay with copper slag (original gradation) was 
prepared to have the same workability value as control mix (without copper slag). The 
water content of this test mix was estimated based on flow value (or cone penetration 
value) that represents the same reference workability as explained earlier. After 
estimation of water content of text mix, dry copper slag (original gradation) and 
required amount of water for copper slag (original gradation) was added to clay slurry 




in a Hobart mixer and then cement slurry of required water-cement ratio was added in 
the mixer. After this, the whole mixture was mixed continuously for 10 minutes to get 
uniform mixing. After getting the uniform mixing, unconfined compression test, 
consolidation test and other test samples were prepared exactly same as stated earlier 















Figure 3.11c Measurement of flow value of treated clay 
 
Figure 3.11a Flow mould on top of 
calibrated glass plate 
Figure 3.11b Flow mould filled with treated clay 
 




3.5 Testing Procedures 
3.5.1 Compressive Strength Test for Mortar Cube 
 The procedure for compressive strength test of mortar cube was followed 
those prescribed by ASTM C 109/C 109M-07 and will not be presented herein. For 
compression test, the load was applied on the sample with the range of 900N/s to 
1800N/s.  
 
3.5.2 Index and Engineering Properties Test for Treated Clay 
 The procedure for index tests and unconfined compressive strength test 
followed those prescribed by BS 1377:1990-Part-7 and will not be presented herein. 
For determination of liquid limit, Cone penetrometer was used. For unconfined 
compression test, the samples were sheared at a strain rate of 1.0 mm/min, according 
to procedure and apparatus prescribed in BS 1377: 1990-part-7 and Head (1986).  
 The procedure for consolidation test followed those described by BS 1377: 
1990-part-5 in this study. Load was increased from 50 kPa to 1600 kPa with loading 
increment ratio of 1. Each load increment was maintained for 24 hours during loading 
and unloading. It was noted that the sample continued to cure even when they were 
loaded and under consolidation. The effect of curing during the consolidation process 
of any load increment was that the end stabilized void ratio under that load is actually 
a combined effect of consolidation under that load plus cementation reaction during 
that 24 hours. If each load increment during is different, the resulted e-log p curve 
will be different. Hence, for comparison purposes, the test mix (with copper slag) and 
control mix (without copper slag) should both be subjected to the same loading 
duration and sequences. This is what was done in this study.          
 




3.5.3 pH Value Test 
 The measurement of pH was carried out according to Jackson (1958). The 
sample for pH measurement was prepared at the ratio of dry solid to water of 1:2.5. 
The instrument consists of pH electrode and temperature probe. The accuracy of pH 
measurement was 0.05 units. Before running the test, the instrument was calibrated 
with three standard buffer solutions (pH of 7.0, 10.01 and 12.45). The soil-cement 
suspension was stirred to make the suspension uniform before taking individual 
reading. When the suspension became uniform, the tips of both electrodes were kept 
in suspension and wait to stabilize the reading before noting the readings. 
 
3.5.4  Scanning Electron Microscopic (SEM) Analysis Test 
 The scanning Electron Microscope (SEM) analysis was conducted by using 
Tabletop microscope TM-1000 as shown in Figure 3.12. For specimen preparation,  
treated samples were air dried (Mitchell, 1993) and broken into small pieces in 
dimension of about 5 mm square and 3 mm thick with the help of knife. Care was 
taken to avoid the cutting of the face of observation surface by knife. The pieces of 
specimens were then placed on stubs with observation surface facing upwards as 
shown in Figure 3.13. The samples along with stub, was then placed for gold coating 
to improve the conductivity to enhance the quality of microscopy (Figure 3.14). After 
gold coating the sample was fixed on aluminum stub by double side conductive tape 
and then placed in specimen chamber of tabletop microscope for scanning. For 
scanning, the magnification level of 3.0 k was used.  
 















Figure 3.12 Tabletop microscopes TM-1000 
 
Figure 3.13 Samples for SEM analysis (Size of sample: 5mm x 5mm x 3mm) 
















Figure 3.14 SEM sample under gold coating 
 
3.5.5  X-Rays Diffraction (XRD) Test 
  XRD analysis of control mix and test mix were carried out by using Shimadzu 
XD-D1 X-ray diffractometer (Figure 3.15). For preparation of sample, about 200 g of 
treated clay were air-dried. The air-dried sample was powdered into small particles so 
that the particle should pass through 150 m sieve. The treated soil sample less than 
150 m was placed on a glass plate (Figure 3.16). The sample along with glass plate 
was then placed on the goniometer holder for XRD analysis. XRD patterns were then 
obtained using a Cu Kα ( = l51.5148 Å)  X-ray tube with input voltage of 30 kV and 
current of 30 mA. A continuous scan mode and scan rate of 2 degree/min was 
selected. Mineralogical analyses of XRD pattern of untreated clay sample were 
carried out based on the characteristic Bragg angle from Brown (1961) and Mitchell 
(1992). For treated clay, the Bragg’s data was taken from the standard Powder 
Diffraction file (JCPDS, 1995). 
















Figure 3.15 Shimadzu XD-D1 X-ray diffractometer 
 
 























Properties Determination of Cement-Treated Singapore Marine Clay 




This chapter is divided into 2 parts. Part 1 presents laboratory test results and 
discussions on the experimental results obtained from test to assess pozzolanic 
property of copper slag. Part 2 presents the experimental results of cement-treated 
clay with and without copper slag. It also discusses the reason of changes in 
engineering properties (i.e. unconfined compressive strength, consolidation properties 
and Atterberg limits) and microstructural properties of cement-treated Singapore 
marine clay (SMC) with increasing amount of copper slag.  
 
4.2  Part 1: Pozzolanic Property of Copper Slag 
4.2.1 Copper Slag in Sand-Cement Mortar 
There is no code or standard which describes the method to assess the 
pozzolanic property of copper slag. However, ASTM C618-08a standard describes a 
method to assess the pozzolanic property of fly ash to be used in concrete. Hence, in 
present study, pozzolanic property of copper slag was assessed similar to that of fly 
ash as described in ASTM C618-08a standard. According to this standard, mortar 
cubes of control mix and test mix were prepared and their “strength activity index” 
was evaluated.  
Control mix and Test mix-1 were used to assess the pozzolanic property of 
copper slag (original gradation), as described in ASTM C618 standard. The detail 
components of control mix and Test mix-1 were designed according to ASTM C311 





as requested by ASTM 618. As a comparison, Test mix-2 was prepared to assess the 
benefit of using copper slag as partial replacement of sand. Hence, Test mix-2 was 
prepared by replacing 100 g of sand in control mix by copper slag.  
The control mix was prepared with actual cement content and actual sand 
content of 26.67% and 73.33% respectively. For Test mix-1, 100g of cement from 
control mix was replaced by copper slag according to ASTM C311. Thus, resultant 
actual cement content, actual sand content and actual copper slag content were 
21.33%, 73.33% and 5.33% respectively. For Test mix-2, 100g of sand from control 
mix was replaced by copper slag. Thus, resultant actual cement content, actual sand 
content and actual copper slag content were 26.67%, 68.00% and 5.33% respectively. 
Detail components of mixes are summarized in Table 4.1. Here, the “actual sand 
content”, “actual cement content” and “actual copper slag content” are defined as 
follows:  
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where Msand = mass of dry sand, MC = mass of dry cement and MCS = mass of dry 
copper slag. 
The flow value of test mix was kept to be the same as control mix. After 
preparation of control mix and test mix samples, samples were cured and tested for 
compressive strength. The “strength activity index” was calculated. Here, “strength 
activity index” was defined as the percentage of compressive strength of test mix to 
control mix sample. It was noted that, according to ASTM C618, a material is 
considered as pozzolanic and can be used in concrete if this “strength activity index” 





Table 4.1 Summary of laboratory testing program for assessment of pozzolanic 
property of copper slag and assessment of benefit of copper slag as partial 
replacement of sand    
 
is equal to or greater than 75 for 7 or 28 days curing time. 
For each mix (Control mix, Test mix-1 and Test mix-2), 3 samples were 
prepared and compressive strength were tested. The average value of 3 strength 
results of control mix samples was obtained (called ),,( avecuq ). The value of ),,( avecuq   
were found to be 18.5, 24.2, 26.4 and 26.9 MPa for 7, 28, 60 and 90 days curing time 
respectively. Figure 4.1 shows the individual compressive strength of Test mix-1 
samples and Test mix-2 samples expressed as the percentage of the average 
compressive strength of control mix samples, ),,( avecuq . The line passing through the 
average value of 3 samples at various curing time was drawn for Test mix-1 and Test 
mix-2 as shown. It was noted that the deviation of individual value from their average 
value was less than 5%.  
ASTM C109/C which is standard for testing compressive strength of hydraulic 
cement mortar, states the acceptable range of individual sample test results from its 
average value. According to this standard, if the variation of test results is less than 
8.7%, test values are accurate and acceptable. This implies that the above test results 
are acceptable.  
Copper slag - Copper slag 
 (Original gradation) 
Copper slag 
 (Fine gradation ) 
Mixes Control mix Test mix-1 Test mix-2 Test mix-3 Test mix-4 
Grain size of copper slag - <1.18 mm <1.18 mm <150 m <150 m 
Dry cement (g) 500 400 500 400 500 
Copper slag (g) 0 100 100 100 100 
Sand (g) 1375 1375 1275 1375 1275 
Actual cement content (%) 26.67 21.33 26.67 21.33 26.67 
Actual copper slag content (%) 0 5.33 5.33 5.33 5.33 
Actual sand content (%) 73.33 73.33 68.00 73.33 68.00 
Flow value required (%) 105-115 105-115 - 105-115 - 
Water content (%) 18.67 18.13 18.67 18.3 18.67 
Flow value achieved 105 105 - 110 - 























Figure 4.1 Compressive strength (as % of control mix) of two test mixes prepared 
with copper slag (original gradation) 
 
In figure 4.1, it can be seen that the “strength activity index” of Test mix-1 
was about 60%. Hence, it could be concluded that copper slag (original gradation) did 
not exhibit observable pozzolanic property based on ASTM C618’s requirement. On 
the other hand, Test mix-2 shows that “strength activity index” was about 100%. This 
means that strength of Test mix-2 can be as high as control mix. Hence, it could be 
stated that copper slag can be used as partial replacement of sand at this particular 
range of cement content. However, it seems that copper slag did not contribute more 
than “sand” for this particular ratio of cement and sand.  
 This batch of copper slag (original gradation) contains 67% of particles having 
size of 0.15 to 2 mm and 33% of particle having size of less than 0.15 mm. One may 
wonder if the fine particle will contribute to pozzolanic property here. Two further 
samples, Test mix-3 and Test mix-4 were prepared using only fine portion of copper 
slag which has particle size smaller than 0.15 mm. It was labelled as “copper slag 




















































same as Test mix-1 and Test mix-2 respectively except that the fine portion of copper 
slag was used in Test mix-3 and Test mix-4 instead of original gradation of copper 
slag. This also implies that control mix of Test mix-3 and Test mix-4 will be the same 
as control mix of Test mix-1 and Test mix-2. The components of mixes were also 
summarized in Table 4.1.  
 Figure 4.2 shows the results of individual compressive strength of Test mix-3 
and Test mix-4 samples expressed as percentage of the average compressive strength 
of control mix samples, ),,( avecuq . Again, it was noted that the deviation of individual 
value from the average value was less than 5% signified that the individual test results 
were acceptable. The line passing through the average value of 3 individual 
compressive strength value at various curing time was also drawn for Test mix-3 and 
Test mix-4 as shown in Figure 4.2. It shows that “strength activity index” of Test mix-
3 increased with curing time and found to be 74% after 60 days curing time.  For Test 











Figure 4.2 Compressive strength (as % of control mix) of two test mixes prepared 





















































ASTM C618 states that a material can be used as “pozzolanic material” in 
concrete, if the “strength activity index” is equal to or greater than 75% after curing for 
7 or 28 days. As pozzolanic reaction of copper slag is found to be slow, hence the 
“strength activity index” about 75% of Test mix-3 was achieved only after 60 days of 
curing time. Thus, it can still be reasonably concluded that the copper slag (fine 
gradation) showed observable pozzolanic property to be used in concrete but slower 
than fly ash or natural pozzolans.  
 To assess the benefit of using copper slag as partial replacement of sand, the 
Test mix-4 clearly shows that the strength activity index was 120%. This indicated 
that use of copper slag (fine gradation) as partial replacement of sand was 
advantageous as it can results in extra bonus of higher strength.  
 Due to pozzolanic property of copper slag (fine gradation), copper slag (fine 
gradation) can be used to treat soft clay with cement in actual field condition to 
improve the engineering properties of cement-clay mix. However, the savings cost 
achieved because of strength increase due to pozzolanic property of copper slag (fine 
gradation) may not be enough to offset the significant increase in cost for sieving of 
copper slag (original gradation) to produce its fine gradation.  
 Copper slag (original gradation) was said to “not exhibiting observable 
pozzolanic property" based on earlier discussions according to ASTM 618. However, 
some pozzolanic reaction is expected between the fine portion of copper slag (original 
gradation) and Calcium hydroxide (Ca(OH)2). This is because ASTM 618 method 
arrived at conclusion by comparing the strength of “standard” test mix with 
“standard” control mix. The standard control and test mixes were prepared with 
specific percentage of actual cement content, actual copper slag content and actual 
sand content according to ASTM C311 as requested by ASTM C618. It was observed 





that the specific batch of copper slag (original gradation) consists of 67% of coarse 
particle which can function as “sand” matrix, whereas 33% of fine particles can 
function as “Pozzolanic material”. To further investigate the possible pozzolanic 
reaction between the fine portion of copper slag and Ca(OH)2, the prior standard Test 
mix-1 and Test mix-3 were investigated and compared as follows: 
(i) Consider only the fine portion of copper slag as “Copper slag*” and the coarse 
portion of copper slag as “Sand”. 
(ii) Starting from Test mix-3 (copper slag, fine gradation) as given in Table 4.1, a new 
Test mix-3a (Table 4.2) was prepared by replacing part of the “sand” to be the 
“coarse” part of copper slag. Hence, Test mix-3a has 100g of finer part and 200g 
of “coarse” part of copper slag, which is equivalent to 300g of copper slag 
(original gradation). In summary, Test mix-3a has the same amount of dry cement 
and “copper slag*” to that of Test mix-3. The actual amount of real sand in Test 
mix-3a is only 1175 g. After adding 200 g of “coarse” particle of copper slag 
which functions as “sand”, the resultant sand amount is 1375 g which is the same 
as sand in Test mix-3. From previous test it was shown that Test mix-3 showed 
pozzolanic reaction. Hence, it is expected that Test mix-3a, which is making use 
of copper slag (original gradation) in non-conventional ratio as per ASTM C311, 
will also show pozzolanic reaction.  
Table 4.2 Components of Test mix-1, Test mix-3 and Test mix-3a 
Mixes Test mix-1 Test mix-3 Test mix-3a Remarks 
Grain size of copper slag <1.18 mm <150 m “Fine” 
<0.15 mm 
“Coarse” > 
0.15  mm 
 
Dry cement (g) 400 400 400 - 
Copper slag (g) 100 100 100  Coarse portion of 
copper slag 
considered as “sand”  
Sand (g) 1375 1375 1175    200 
Actual cement content (%) 21.33 21.33 21.33 -  
Actual copper slag content (%) 5.33 5.33 5.33  Coarse portion of 
copper slag 
considered as “sand” Actual sand content (%) 73.33 73.33 
62.67 10.67 
Flow value required (%) 105-115 105-115 105-115 -  
+ = 
= + 





 (iii) The ratio of “copper slag*” to cement for Test mix-3 and Test mix 3a is 0.25 
(100g/400g). Whereas in Test mix-1, the ratio of “copper slag*” to cement is 0.08 
(33% of 100g/400g). This ratio in Test mix-1 is low as compared to that of Test 
mix-3.  
 
4.2.2 Copper Slag in Cement-Treated Clay 
 A study was conducted with copper slag and cement used in treating clay 
instead of sand. XRD study was carried out to further verify the pozzolanic reaction 
between fine portion of copper slag and Ca(OH)2. XRD test was conducted on control 
mix of cement-treated clay and test mix of cement-treated clay with copper slag 
sample. If fine portion of copper slag was found to be react with Ca(OH)2, then 
intensity of calcium silicate hydrate (CSH) in test mix would be higher than that of 
control mix. Thus, it could then be concluded that fine portion of copper slag would 
contribute to increase in strength of cement-treated clay.  
To assess the strength contribution of fine portion of copper slag (original 
gradation), control mix (cement-treated clay) and test mix (cement-treated clay with 
copper slag) samples were prepared and intensities of CSH in those samples were 
determined. Control mix-A was prepared with actual cement content and actual clay 
content of 22.5% and 77.5% respectively (Table 4.3). In Test mix-A, 30g of dry clay 
was replaced by copper slag (original gradation). Thus, resultant actual cement 
content, actual dry clay content and actual copper slag (original gradation) content 
were 22.5%, 47.5% and 30% respectively (Table 4.3). Note that actual cement content  
of Test mix-A sample is similar to Test mix-1, Test mix-2 and Test mix-3 in earlier 
section.   
 
 





Table 4.3 Control mix and Test mix of copper slag-cement-clay for XRD test 
 
Similarly, Control mix-B with high cement content was prepared with actual 
cement content and actual dry clay content of 42.5% and 57.5% respectively (Table 
4.3). In Test mix-B, 30g dry clay was replaced by copper slag (original gradation). 
Thus, resultant actual cement content, actual dry clay content and actual copper slag 
(original gradation) content were 42.5%, 27.5% and 30% for Test mix-B. Detail 
components of mixes were summarized in Table 4.3. Here, the “actual cement 
content”, “actual copper slag content” and “actual clay content” are defined as follows:  
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, and             (4.5) 





              (4.6) 
where MC = mass of dry cement, Mclay= mass of dry clay, MCS(OG) = mass of dry 
copper slag (original gradation). 
The XRD patterns of Control mix-A and Test mix-A for 28 day curing period 
is shown in Figure 4.3 and Figure 4.4 respectively. The XRD pattern revealed several 
peaks. Comparison of Figure 4.3 with Figure 4.4 showed that intensity of CSH at 3.04 
Å increased noticeably with addition of copper slag (original gradation) in cement- 
Series A B 
Components Control mix-A Test mix-A Control mix-B Test mix-B 
Dry cement (g) 22.5 22.5 42.5 42.5 
Copper slag (g) 0 30 0 30 
Dry clay (g) 77.5 47.5 57.5 27.5 
Actual cement content (%) 22.5 22.5 42.5 42.5 
Actual copper slag content (%) 0 30 0 30 
Actual clay content (%) 77.5 47.5 57.5 27.5 
Flow value (mm) 150 150 210 210 
Water content (%) 160 95 140 85 





treated clay. CSH at 1.99 Å and 1.87 Å were also detected in Test mix-A with copper 
slag but not in Control mix-A. This clearly indicated the contribution fine portion of 










Figure 4.3 X-Ray diffraction pattern of cement-treated clay                                     









Figure 4.4 X-Ray diffraction pattern of cement-treated clay with copper slag                




















Cement content = 22.5% 















































































































Cement content = 22.5% 















































































































 A similar trend was also found when Control mix-B was compared with Test 
mix-B (Figures 4.5 and 4.6).  An increase of intensity of CSH at 3.04 Å again can be 
seen in Figure 4.6 for Test mix-B with copper slag added. Furthermore, CSH at 2.77 
Å, 1.87Å and 1.68Å were also seen to increase in intensity. The intensity of CSH at 
3.04 Å was summarized in Figure 4.7. James et al. (2008) also found that when 
ground Granulated blast furnaces slag (ggbs) was added in lime-treated kaolin and 
bentonite, intensity of CSH at 3.04 Å increased as can be seen in Figure 4.8. Thus, it 
could be concluded that fine portion of copper slag (original gradation) reacted with 
calcium hydroxide and formed CSH. Thus, fine portion of copper slag (original 
gradation) would contribute to increase in strength of cement- treated clay.  Here 
contribution to increase in strength due to pozzolanic reaction between fine portion of 
copper slag (original gradation) and Ca(OH)2 is called “Chemical effect”. 
Apart from “Chemical effect” of fine portions of copper slag (original 
gradation), when copper slag (original gradation) was added in cement-treated clay, it 
affected cement-treated clay “Physically”. Hence, combined effect i.e. “Chemical 
effect of fine portion of copper slag” and “Physical effect of copper slag (original 
gradation)” in cement-treated clay was investigated. The obtained results are 
























Figure 4.5 X-Ray diffraction pattern of cement-treated clay (Actual cement 















Figure 4.6 X-Ray diffraction pattern of cement-treated clay with copper slag                  



























Cement content = 42.5% 





















































































































Cement content = 42.5% 





















































































































 (Cement-treated clay with copper slag) 
 























Figure 4.7 Intensity of CSH at 3.04 Å in control mix and test mix prepared with 

















Figure 4.8 Intensity of CSH at 3.04 Å in Engclay, Engclay + 10% lime, Engclay + 
10% lime + 5% slag and Engclay + 10% lime + 10% slag at 90 days curing time  
























































































































4.3 Part 2: Properties of Cement-Treated Clay with Copper Slag (original 
gradation) 
 
4.3.1 Unconfined Compressive Strength (UCS)  
4.3.1.1 UCS of Treated Clay at Constant Water Content  
 To study the effect on strength of cement-treated Singapore marine clay (SMC) 
with increasing amount of copper slag (original gradation) at constant water content, 
component of mixes of Test series-M, Test series-N and Test Series-O were used. 
The detail components of these test series are summarized in Table 4.4. The apparent 
cement content and water content used in the studies were typical range of jet 
grouting. In the Table 4.4, apparent cement content, apparent copper slag (original 
gradation) content and apparent clay content were defined as follows:    
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     (4.9) 
where MC = mass of dry cement, Mclay= mass of dry clay, MCS(OG) = mass of dry 
copper slag (original gradation). 
Figure 4.9 shows typical stress-strain curves obtained from unconfined 
compression test (UCT) on cement-treated SMC of Test series-N with 30% apparent 
cement content and 100% water content. It can be seen in the figure 4.9 that all 
samples showed a clear peak value of unconfined compressive strength (qu) and the 










Table 4.4 Detail components of mixes for Test series-M, Test series-N and  















Control mix  Test mix  
M M1 M2 M3 
Dry cement (g) 10 10 
Dry copper slag (g) 0 10 20 30 
Dry clay (g) 100 100 
Apparent cement content (%) 10 10 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100 100 
Actual cement content (%) 9.09 8.33 7.69 7.14 
Actual copper  
slag content (%) 
0 8.33 15.38 21.42 
Actual clay content (%) 90.91 83.34 76.93 71.42 
Water content (%) 100 
Curing time (days) 7 & 28  












Control mix  Test mix  
N N1 N2 N3 
Dry cement (g) 30  30 
Dry copper slag (g) 0 10 20 30 
Dry clay (g) 100 100 
Apparent cement content (%) 30 30 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100 100 
Actual cement content (%) 23.07 21.43 20.00 18.75 
Actual copper  
slag content (%) 
0 7.14 13.33 18.75 
Actual clay content (%) 76.93 71.42 66.67 62.50 
Water content (%) 100 & 140 
Curing time (days) 7 & 28  












Control mix  Test mix  
O O1 O2 O2 
Dry cement (g) 50                         50 
Dry copper slag (g) 0 10 20 30 
Dry clay (g) 100                        100 
Apparent cement content (%) 50                          50 
Apparent copper slag content (%) 0 10 20 30 
Apparent clay content (%) 100                        100 
Actual cement content (%) 33.33 31.25 29.41 27.78 
Actual copper  
slag content (%) 
0.00 6.25 11.76 16.67 
Actual clay content (%) 66.67 62.50 58.82 55.55 
Water content (%) 100 & 140  
Curing time (days) 7 & 28 
Test name Unconfined compression 























Axial Strain (%) 






cement content: 30% 
Curing time: 7 days 





























For control mix and test mixes, 3 or 2 samples were prepared and unconfined 
compressive strength was tested. Figures 4.10 and 4.11 show the individual 
unconfined compressive strength of control mix and test mix samples. The line 
Apparent  
cement content: 30% 
Curing time: 28 days 
Apparent copper slag content 
Figure 4.9 Effect of copper slag (original gradation) on stress-strain behavior of 
cement-treated SMC, Test series N with 100% water content 
 





passing through the average value strength of respective apparent copper slag 
(original gradation) content was also drawn for control mix and test mixes as shown. 
It was noted that deviation of individual value from average value was generally less 
than 10%, which signified that the test results variation were acceptable. The plots of 
average unconfined compressive strength verses apparent copper slag (original 
gradation) content show that as apparent copper slag (original gradation) content 
increased, the unconfined compressive strength decreased, for both 7 & 28 days 
curing time.  
The reason of strength reduction of cement-treated clay with increasing 
amount of copper slag (original gradation) might be due to following reasons:  
 
(i) The copper slag (original gradation) affected the cement-treated clay physically: 
Study of mixes at 100% and 140% water content shows that as apparent copper slag 
(original gradation) content increased, the mixes of copper slag (original gradation)-
cement-clay became more slurry. Thus the workability of mix increased as apparent 
copper slag (original gradation) content increased. The workability of treated-clay 
could be inferred by special test called flow test (which determines the flow value of 
cement-clay mix when an 80 mm diameter cylinder filled with this mix was lifted as 
described in Chapter 3). At 100% water content of mix, the flow of mix was slow that 
the flow test does not seem to give meaningful value. Hence falling cone penetration 
test was used instead of flow test to infer workability. However, mixes of 140% water 
content, flow test was used. The test results of falling cone penetration test and flow 
test are shown in Figures 4.12 and 4.13 respectively. Figures show that falling cone 
 
 































(a) Test series-M with 10% apparent cement content and 100% water content  
(b) Test series-N with 30% apparent cement content and 100% water content  
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a) Apparent cement content = 50% 










































Apparent OGCuS Content (%)     
Apparent cement content = 30% 
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Apparent Copper Slag Content (%) 
Apparent cement content = 10% 
Water content w = 100% 
Figure 4.10 Effect of copper slag (original gradation) on unconfined 
compressive strength of cement-treated SMC with water content of 100%  
 


























Figure 4.11 Effect of copper slag (original gradation) on unconfined compressive 
strength of cement-treated SMC with water content of 140%  
 
 
cone penetration value and flow value increased with increasing amount of copper 
slag (original gradation) in cement-treated clay. The increase in penetration value and 
flow value indicated the increase in workability. 
(a) Test series-N with 30% apparent cement content and 140% water content   
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Apparent cement content = 30% 
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Apparent cement content = 50% 
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The increase in workability was due to increase in amount of free water of 
copper slag (original gradation)-cement-clay mix. The free water, which is defined as 
the water that moves freely in the pores of soil, increased with increasing amount of 
copper slag (original gradation) in mix. The actual quantification of this free water 
was not done in this study but it was clearly observed in the test, and can be assessed 
qualitatively. The increase in free water was due to lower water absorption of copper 









Figure 4.12 Effect of copper slag (original gradation) on cone penetration value 
of fresh slurry of cement-treated SMC with 100% water content for Test series-










Figure 4.13 Effect of copper slag (original gradation) on flow value of fresh 
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absorption of particles, which depend on particle’s affinity for water, is a function of 
specific surface area and charge density. The specific surface area of clay (which 
contains mainly Illite), cement and copper slag are 73.4 m
2
/g (Yukselen and Kaya, 
2006), 317 m
2
/g (based on analysis of Asian Cement Co Pte. Ltd.) and 0.12 m
2
/g (Al-
Jabri et al., 2006) respectively. As specific surface area of copper slag (original 
gradation) particles are much lower than that of clay and cement particles, the water 
absorption of copper slag (original gradation) particle will be lower. The lower water 
absorbed by copper slag (original gradation) particles present in mix resulted in free 
water increase of copper slag (original gradation)-cement-clay mix as compared to 
cement-clay mix at equal water content. Thus, the free water increased with increase 
in apparent copper slag (original gradation) content at constant water content of mix. 
This might be one possible reason for decrease in strength of copper slag (original 
gradation)-cement-clay mix samples.  
The increase in workability was also due to increase in void ratio (= 
volumetric water to solid ratio). As specific gravity of copper slag (original gradation) 
particle is greater than that of cement and clay particles, the volume of copper slag 
(original gradation) will be smaller than volume of cement and clay particles at the 
same weight. Thus, for equal water content of mixes (for this case 100%), void ratio of 
copper slag (original gradation)-cement-clay mix of varying apparent copper slag 
(original gradation) content could be calculated using phase diagram as shown in 
Figure 4.14. Specific gravity of different constituents is presented in Table 4.5 to 
calculate the volume of constituents. The summary of void ratio verses apparent 
copper slag (original gradation) content is presented in Figure 4.15 for mixes with 
100% and 140% water content. From this figure, it can be seen that the increase in the 
apparent copper slag (original gradation) content resulted in an increase in void ratio. 



































Copper slag 3.57 
Clay 2.7 
Copper slag (original gradation)-cement-clay mix 
  
Figure 4.14 Effect of copper slag (original gradation) on void ratio of fresh slurry of 
cement-clay mix shown through phase diagram, Test series-N with 100% water content  
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VW = 140 cc 
VC= 9.46 cc 
   MW = 140 g 
Vclay = 37.03 cc 
  Mc = 30 g 
Mclay = 100 g 




















Water content of mix = 100% 
  






VW= 130 cc 
VC= 9.46 cc 
    Mw = 130 g 
Vclay = 37.03 cc 
   Mc = 30 g 







VW = 150 cc 
VC = 9.46 cc 
MW = 150 g 
Vclay = 37.03 cc 
Mc = 30 g 
Mclay = 100 g 











VW = 160 cc 
VC = 9.46 cc 
  Mw = 160 g 
Vclay = 37.03 cc 
 Mc = 30 g 
Mclay = 100 g 








Mw: Mass of water 
Mc: Mass of dry cement 
MCS(OG): Mass of dry copper slag (original gradation) 
Mclay: Mass of dry clay 
VW: Volume of water 
VC: Volume of dry cement 
VCS(OG): Volume of dry copper slag (Original gradation) 
Vclay: Volume of clay 















Figure 4.15 Effect of copper slag (original gradation) on void ratio of fresh slurry of 
cement-clay mix for Test series-M, N and O 
 
 
Hence it could be concluded that while the samples of different apparent copper slag 
(original gradation) content were prepared with same water content (by mass), its void 
ratio increased with increasing amount of copper slag (original gradation). If the shear 
strength of these mixes were predominantly govern by inter-particle friction, the 
larger value of void ratio would lead to less inter-particle contact, and thus lower shear 
strength.  
This change in strength due to change in amount of free water and void ratio 
was termed as “Physical effect” of copper slag (original gradation).  
 
(ii) Fine portion of copper slag affected the cement-treated clay chemically: 
From the section 4.2, it was found that copper slag (fine gradation) would contribute 
in increase in strength due to its pozzolanic property. Further XRD test was conducted 
to verify the pozzolanic reaction between fine portion of copper slag (original 
gradation) and Ca(OH)2. It was found that when copper slag (original gradation) was 
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added in cement-treated clay, fine portion of copper slag reacted with Ca(OH)2 and 
formed CSH. Thus, CSH would contribute to increase in strength of cement-treated 
clay. The contribution to increase in strength in cement-treated clay due to pozzolanic 
reaction between fine portion of copper slag and Ca(OH)2
 is called “Chemical effect” 
of copper slag as stated earlier.  
 
(iii) Copper slag (original gradation) reduced the “actual cement content” of mixes: 
As apparent copper slag (original gradation) content increased, “actual cement 
content” decreased as shown in Figure 4.16. Hence, the strength arising from the 
chemical reaction between the cement and other solid would be reduced as increasing 

















Figure 4.16 Effect of copper slag (original gradation) on “actual cement content” of 
copper slag (original gradation)-cement-clay mix 
 
 In summary, when copper slag was added into cement-treated clay, copper 
slag affected the cement-treated clay in three ways; (i) “Physically”, this “Physical 
effect” of copper slag led to the reduction  of the strength of cement-treated clay with 
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Actual cement content =c/(s+c+Cus)
s = mass of dry soil, c =  mass of dry cement
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water content; (ii) “Chemically”, “Chemical effect” of fine portion of copper slag led 
to the improvement in the strength of cement-treated clay; and (iii) “Reduction of 
actual cement content” in cement-treated clay, this “deduction” of copper slag led to 
the reduction in the strength of cement-treated clay. USC of samples of all three test 
series were found to be decreased with increasing amount of copper slag. This 
reduction in UCS was found because reduction in strength due to “Physical effect” of 
copper slag and “reduction in actual cement content of test mix” was higher than the 
increase in strength due to “Chemical effect” of fine portion of copper slag. 
 
4.3.1.2 UCS of Treated Clay at Constant Workability 
It is known that workability is important for effective flowing of cement slurry 
mix in jet grouting and deep mixing treatment method. Workability of mixes can be 
inferred from falling cone penetration test or flow test. For those mixes with water 
content less than and equal to 100%, cone penetration test was used, whereas those 
mixes mix with water content more that 100%, flow test was used to infer workability. 
This study is further divided into 2 parts. The part 1 studied the effect of 
copper slag at constant workability with constant cement content but varying copper 
slag content (Test series-P and Test series-Q). Test series-P and Q has apparent 
cement content of 30% and 50% respectively. Both series used initial water content of 
100%. Part 2 studied the effect of copper slag at constant workability by keeping the 
UCS to be constant but varying cement content and copper slag content (Test series-
R). This series (Test series-R) is carefully selected such that the condition is close to 
field condition in jet grouting treatment (i. e. initial water content of about 140%).  
 
 









































(i) For Test series-P and Q (initial water content, wi =100%) at constant workability: 
As stated earlier that “workability” of mix increased with increasing amount of 
copper slag (original gradation). However for comparison of the strength due to 
increasing amount of copper slag (original gradation) in cement-clay mix, it is 
important to keep the “workability” to be constant. A cone penetration value of 24 mm 
was selected as “reference workability” for 30% apparent cement content. The cone 
penetration value of 24 mm was selected as “reference workability” because it 
corresponds to the penetration value of control mix (without copper slag) with 30% 
apparent cement content at 100% water content as shown in Figure 4.17. Similarly the 
“reference workability” for the case with 50% apparent cement content was found to 
be 30 mm. Mixes were made with different value of apparent copper slag content, but 
all with same “reference workability”. For the case of apparent cement content of 30%, 










Figure 4.17 Reference workability corresponding to control mix (without copper slag) 
with 100% water content and 10%, 30% & 50% apparent cement content  
 





Figure 4.18 (a). Similarly, for 50% apparent cement content, the curve is Figure 
4.18(b). The components of mixes with 30% and 50% apparent cement content of 





















(b) At reference workability equivalent to 30 mm cone penetration 
 
Figure 4.18 Estimation of water content of control and test mix at 
                 reference workability by falling cone penetration 
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plot of water content verses apparent copper slag content is shown in Figure 4.19 for 
Test series-P. On the plot, the “workability range” as defined by Chew et al. (1997), 
which is bounded by “bleeding limit and liquid limit” was also shown. It is thus clear 
that the mixes of Test series-P fall within “workability range”. Similarly, it was also 
found that Test series-Q (for apparent cement content of 50%) showed the same trend 
as Test series-P. 
Figure 4.20 show the typical stress-strain charecteristics curves obtained from 
unconfined compression test on control and test mix samples at “reference 
workability” of Test series-P. With the inclusion of upto 30% apparent copper slag 
(original gradation) content into cement-treated clay, the general stress-strain behavior 
remained about the same shape. The peak value (qu) of sample with different apparent 
copper slag content varied, while the failure strains were all about 1 to 1.5%.  
Figure 4.21(a) shows the individual UCS value of control mix (i.e. zero 
apparent copper slag content) samples and test mix samples at various apparent 
copper slag (original gradation) content for Test series-P. Data of 7 days and 28 days   
curing time were plotted. The average value UCS at respective apparent copper slag 
content was determined, and a line was drawn. It was noted that the deviation of 
individual value from the average value was generally less than 10%. For Test series-
P (apparent cement content of 30%), figure 4.21 (a) shows that UCS decreased 
slightly with increasing amount of apparent copper slag content for 7 days curing 
time whereas at 28 days curing time, UCS remained almost constant. Similarly, 
Figure 4.21 (b) is for Test series-Q (apparent cement content of 50%). Figure 4.21(b) 
shows that UCS were almost constant for 7 days curing time, but increased for 28 
days curing time with respect to the apparent copper slag content.  
 
 

























Control mix  Test mix  
P P1 P2 P3 
Dry cement (g) 30 30 
Dry copper slag (g) 0 10 20 30 





slag content (%) 






23.07 21.43 20.00 18.75 
Actual copper  
slag content (%) 
0.00 7.14 13.33 18.75 
Actual clay content 
(%) 




Water content (%) 100 94 88 82.5 
Curing time (days) 7 & 28  
Test name Index properties, Unconfined compression, Oedometer 











Control mix  Test mix  
Q Q1 Q2 Q3 
Dry cement (g) 50 50 
Dry copper slag (g) 0 10 20 30 





slag content (%) 






33.33 31.25 29.41 27.78 
Actual copper  
slag content (%) 
0.00 6.25 11.76 16.67 
Actual clay content 
(%) 




Water content (%) 100 95 90 85 
Curing time (days) 7 & 28 
Test name Unconfined compression and Oedometer consolidation 

















To explain the variation of UCS change with apparent copper slag content 
shown in Figure 4.21 (a) & (b), the integrated effect of following key consideration 
has to be made in total:  
(a) For the case when the workability was kept constant, water content decreased as 
apparent copper slag (original gradation) content increased (Figure 4.19). The 
decrease in water content indicated the decrease in void ratio. The graph of void ratio 
decreases as apparent copper slag content increases can be seen in Figure 4.22. The 
change in strength due to change in void ratio is part of “Physical effect” of copper 
slag (original gradation) as stated earlier. At present case of constant workability 
condition, the “Physical effect” of copper slag led to improvement in the strength of 
cement-treated clay, as void ratio decreased. 
 
 
Figure 4.19 Workability range of fresh cement-clay mix at varying 
apparent copper slag (original gradation) content (c/s = 30%) 
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(b) Test series-P, curing time = 28 days 
 
Figure 4.20 Effect of copper slag (original gradation) on stress-strain 
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(b) At “reference workability” of Test series-Q (apparent cement content =50%) 
 
Figure 4.21 Effect of copper slag (original gradation) on qu of cement-treated SMC 
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Apparent Copper Slag (original gradation) Content 
Apparent Copper Slag (fine gradation) Content 
0.0 3.3 6.7 10.0 13.3 
Cored test result of Chapter 5 and 6 
Unconfined compressive strength = 1300 kPa 
Apparent cement content = 49.2% 
Apparent copper slag (fine gradation) = 5.47% 
Water content = 92.14% 
  





(b) When copper slag (original gradation) was added in cement-treated clay, fine 
portion of copper slag reacted with Ca(OH)2 and formed CSH. The CSH would 
contribute to increase in strength of cement-treated clay. The contribution to strength 
increase in cement-treated clay due to reaction between fine portion of copper slag 
and Ca(OH)2 is called “Chemical effect” of copper slag. 
 
(c) The UCS of mixes with different actual cement content is plotted on Figure 4.23. 
For a mix of clay-cement with certain amount of apparent copper slag content, the 
UCS was determined. Its equivalent actual cement content of this test mix with 
apparent copper slag contents can then be estimated based on the unconfined 
compressive strength of this mix with copper slag (Figure 4.23). For example, for test 
mix with 10% of apparent copper slag content and 94% of water content resulted in 
UCS of 350 kPa at 7 days curing time, its estimated equivalent “actual cement content 
content” was found to be 21.9% from this graph. Repeat this exercise for other 













Figure 4.22 Effect of copper slag (original gradation) on void ratio of fresh slurry of 
cement-clay mix at “reference workability” of Test series-P and Test series-Q 































































Figure 4.23 Plot of qu verses actual cement content of cement-treated clay for 
estimation of equivalent actual cement content of test mixes  
 
apparent copper slag content were then plotted along with actual cement content used 
in test mix as shown in 4.24.  
The “equivalent actual cement content” can also be estimated by following 
relationship:  
Equivalent actual cement content 
m
cs
cceq        (4.10) 





       (4.11) 





      (4.12)  
m = correction coefficient depending on actual cement content, water content and 
curing time. MC is mass of dry cement; MCS is mass of dry copper slag; Mclay is mass 
of dry clay. For Test series-P, the values of m were found to be 14.5 and 4.35 for 7 
and 28 days curing time respectively. For Test series-Q, m was found to be 3 and 2.1 
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Apparent Copper Slag Content (%)
Actual cement content used in mix
Equivalent actual cement content for 7 days curing
Equivalent  actual cement content for 28 days curing
Test series-P
Test series-Q
copper slag as compare to pure cement, can contribute to the strength gain via 
“physical effect” and “chemical effect”. 
Figure 4.24 shows that the actual cement content reduces as apparent copper 
slag content increases. Furthermore, it was found that the “equivalent actual cement 
content” of test mixes at particular apparent copper slag content increased with curing 
time. The increase in equivalent actual cement content in comparison of actual cement 
indicated that copper slag worked effectively to treat soft clay along with cement. 
The plots of UCS of sample normalized with UCS of control mix sample at 7 
days curing time verses apparent copper slag content were plotted as shown in Figure 
4.25.  Figure 4.25 shows that plot of UCS verses apparent copper slag content was 
similar trend as equivalent actual copper slag content verses apparent copper slag 
content. Thus, it was concluded that the change in UCS was also reflected through 











Figure 4.24 Equivalent cement content of mixes for various apparent copper slag 
content (Test series-P and Test series-Q) 
 
































Figure 4.25 Effect of copper slag on UCS normalized with UCS of control  
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Apparent Copper Slag Content (%)     
7 days 
28 days 
Curing time Test series-Q 
(a) UCS normalized with UCS of control mix sample for Test series-P 





(d) The strength gain in cement-treated clay with copper slag (original gradation) can 
be divided into 3 factors: physical effect (‘α’) of copper slag, chemical effect (‘β’) of 
fine portion of copper slag and “cement-soil” reaction (‘γ’). As indicated in Figure 
4.26, α is the strength factor due to “Physical effect” of copper slag, assumed to be 
the same at 7 and 28 days curing time; β7 and β28 are the strength factor due to 
“Chemical effect” of copper slag at 7 and 28 days curing time respectively; γ7 and 
γ28 are strength factor due to “cement-soil” reaction at 7 and 28 days curing time 
respectively. Please note that the value of α, β7, β28, γ7 and γ28 were not determined 
individually in present study. The relative amount of various factors shown in this 
Figure 4.26 is for indicative purposes only so that change in strength with increasing 
amount of copper slag can be explained qualitatively. For “Physical effect” α7 = α28 
= α at any particular copper slag content, α increases slightly as apparent copper slag 
content increases. In “Chemical effect”, β28 > β7 for any apparent copper slag 
content, and β increases with apparent copper slag content but β28 increases more 
than β7 as apparent copper slag content increases. In “cement-soil” reaction effect, γ 
reduces as apparent copper content increases, and γ7 and γ28 reduce because of 
reducing “actual cement content” as apparent copper slag (original gradation) content 
increases in this case. 
  At Test series-P (30% apparent cement content) and 7 days curing time, the 
strength of cement-treated clay with copper slag was the sum of value of α, β7 and γ7 
as can be seen in figure 4.26. The value of γ7 decreased significantly as apparent 
copper slag contents increased resulted in the sum of α, β7 and γ7 reduces as apparent 
copper slag content increases. This is simply indication that the strength gain by 
“Physical effect” and “Chemical effect” of increasing amount of copper slag was less  





































Apparent Copper Slag Content (%)     
than the reduction of strength due to decrease in “actual cement content”. At 28 days 
curing time, results showed that strength remained constant at various percentages of 
copper slag (original gradation) added. This was because of the larger value of β28 as 
compared to β7 and smaller reduction of γ28 as compare to γ7 that made the 28 days 
strength stay constant with respect to apparent copper slag content. The larger value 
of β28 as compared to β7 was due to formation of more Ca(OH)2 in longer curing 
time. More Ca(OH)2 would then react with fine portion of copper slag to form more 












Figure 4.26 Schematic illustration shown the contribution of different factor of 
strength for Test series-P (Apparent cement content of 30%) 
   
 At Test series-Q (50% apparent cement content) and 7 days curing time, the results 
showed that strength remained constant at various percentages of copper slag (original 
gradation) added. This was because of larger value of ‘β7’ at 50% apparent cement 
content than that of 30% apparent cement content. At higher apparent cement content, 
there would be more formation of Ca(OH)2 which would then react with fine portion 















α + β7+ γ7 
α + β28+ γ28 





apparent cement content and 28 days curing time, the sum of value of α, β28 and γ28 
increased slightly as apparent copper slag contents increased. The combined effect of 
higher apparent cement content and longer curing time produced more Ca(OH)2 that 
made β28 higher than β7 or β28 produced by sole effect of higher apparent cement 
















Figure 4.27 Schematic illustration shown the contribution of different factor of 
strength for Test series-Q (Apparent cement content of 50%) 
 
 
(e) In summary, it can be stated that the concept of adding copper slag into treatment 
of soft clay with cement was found to be useful, advantageous and effective. In such 
treatment, when the workability of clay-cement-copper slag mixes was kept constant, 
the “Physical effect” of copper slag led to the improvement in the strength of cement-
treated clay as void ratio decreased. In addition to this, “Chemical effect” of fine 
portion of copper slag led to the improvement in the strength of cement-treated with 





















































copper slag content was having similar trend as “equivalent” actual cement content 
verses apparent copper slag content. 
 The change in UCS of cement-treated clay with increasing amount of copper 
slag was found to be due to the combined effect of  (i) increase in strength due to 
“Physical effect” of copper slag; (ii) increase in strength due to “Chemical effect” of 
fine portion of copper slag; and (iii) reduction in strength due to decrease in “actual 
cement content”. When reduction in strength due to decrease in “actual cement 
content” of test mix was higher than the increase in strength due to “Physical effect” 
of copper slag and “Chemical effect” of fine portion of copper slag, the strength of 
cement-treated clay decreased with increasing amount of copper slag. On the other 
hand, when the reduction in strength due to decrease in “actual cement content” of 
test mix was lower than the increase in strength due to “Physical effect” of copper 
slag and “Chemical effect” of fine portion of copper slag, the strength of cement-
treated clay increased with increasing amount of copper slag.  
 
(ii) For Test series-R (To achieve constant UCS similar to control mix) at constant 
workability: 
 
In jet grouting techniques, different water content of mixes are used but “workability” 
of the mixes should always be within the “workability range” of jet grouting as 
defined by Chew et al. (1997). Hence, a second mix with initial water content of 
140% was studied. Figure 4.28 shows that water content selected were within the 
workability range of jet grouting.  
A flow value of 150 mm was selected as “reference workability” 
corresponding to 30% actual cement content of control mix. The flow value of 150 
mm was selected as “reference workability” because it corresponds to the flow value 
of control mix (without copper slag) with 30% actual cement content at 140% water 





content as shown in Figure 4.29. In order to study the effect of increasing amount of 
copper slag to replace some part of cement, but yet maintaining the same strength; the 
Test series-R was designed with control mix of 30% actual cement content with 















Figure 4.28 Workability range of cement treated SMC in jet grouting 
(After Chew et al., 1997)  
were “designed” to achieve a constant 7 days strength of ~ 300 kPa by varying 
amount of copper slag at 10%, 20% and 30% respectively. The amount of cement 
would be reduced by 2.5%, 5% and 7.5% respectively. These values of cement 
reduction were estimated from the results of Test series-P and Test series-Q. The end 
results of UCS are shown to be consistent about 300 kPa as designed. For this case 
(Test series-R), the actual cement content of control mix was designed as 30% with 
water content of 140%. The water content of designed test mixes was designed 
according to Figure 4.30 to achieve the constant workability. The components of this 
series are summarized in Table 4.7. The plot of water content verses actual copper 
slag content is shown in Figure 4.31. It is thus clear that the mixes of Test series-R 
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Figure 4.29 Reference workability corresponding to control mix (without copper slag) 












Figure 4.30 Estimation of water content of test mix by flow test at reference 















































Figure 4.31 Workability range of fresh cement-clay mix at varying cement 

















Control mix Test mix  
R R1 R2 R3 
Dry cement (g) 30.00 27.50 25.00 22.50 
Dry copper slag (g) 0 10 20 30 
Dry clay (g) 70.00 62.50 55.00 47.50 
Actual cement content (%) 30.00 27.50 25.00 22.50 
Actual copper  
slag content (%) 
0 10 20 30 
Actual clay content (%) 70.00 62.50 55.00 47.50 
Flow value (mm) 150 150 
Water content (%) 140 125 112 95 
Curing time (days) 7 & 28  
Test name Index properties, Unconfined compression, Oedometer 
consolidation, pH value and SEM 
Targeted UCS at 7 days 
curing time (kPa) 
300 300 300 300 
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Figure 4.32 shows the typical stress-strain characteristics curves obtained from 
unconfined compression test on control mix and test mix samples at “reference 
workability” of Test series-R. The general stress-strain behavior was found to be 











































Figure 4.32 Effect of copper slag (original gradation) on stress-strain behavior of 
cement-treated SMC for Test series-R 
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strain value was found to be almost similar to that of control and test mix for Test 
series-P. It was possibly due to fact that the water-cement ratio of Test series-P (with 
initial water content of 100%) was equal to that of Test series-R (with initial water 
content of 140%) as shown in Figure 4.33. The figure also shows that the value of 
water-cement ratio was almost constant with varying actual copper slag content, for 
both Test series-P and Test series-R. Thus, it seemed that the failure strain of treated 
















Figure 4.33 Effect of copper slag (original gradation) on water-cement ratio of 
cement-treated SMC at “reference workability” of Test series-P and Test series-R 
 
Figure 4.34 shows the individual UCS value of control mix (i.e. zero actual 
copper slag content) samples and test mix samples at various actual copper slag 
(original gradation) content. The average value of UCS at respective actual copper 
slag content was determined, and a line was drawn. It was noted that the deviation of 
individual value from the average value was generally less than 10%. Figure 4.34 
shows that UCS of text mix achieved the same value of that control mix (~ 300 kPa) 
at 7 days curing time. This is what it was designed to be. At 28 days curing time, UCS 
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Figure 4.34 Effect of copper slag on qu of cement-treated SMC for Test series-R  
 
 
The above results clearly showed that copper slag can be used as partial 
replacement of cement. By increasing actual copper slag content, actual cement 
content can be reduced. The change in strength of cement-treated clay with increasing 
amount of copper slag can be explained again with the help of “Physical effect” of 
copper slag, “Chemical effect” of fine portion of copper slag, and “equivalent actual 
cement content” of control and test mixes.  
With increasing amount of copper slag added, the strength increase due to 
“Physical effect” of copper slag and “Chemical effect” of fine portion of copper slag 
was balanced by the strength reduction due to “actual cement content” of test mix. 
The decrease in actual cement content with increasing amount of copper slag can be 
seen in Figure 4.35. 
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Figure 4.35 Effect of copper slag (original gradation) on “actual cement content” of 
cement-clay mix 
 
 Similar to Test series-P and Test series-Q, the “equivalent actual cement 
content” of these test mixes was estimated from figure 4.23. The plot of the 
“equivalent” actual cement content verses actual copper slag content as shown in 
Figure 4.36. The figure shows that the “equivalent actual cement content” was more 
than “actual cement content” of respective mix indicated the effectiveness of 
“Physical effect” of copper slag and “Chemical effect” of fine portion of copper slag. 
Further, it was found that, trench of equivalent actual cement content verses actual 
copper slag content was similar to that of UCS verses actual copper slag content. The 
plots of UCS normalized with UCS of control mix sample at 7 days curing time 
verses actual copper slag content can be seen in Figure 4.37. 
 Thus, it can be concluded that copper slag (original gradation) can be used as 
partial replacement of cement in treating soft marine clay. 
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Figure 4.37 Effect of copper slag on UCS normalized with UCS of control mix 
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4.3.2 Compressibility  
Oedometer consolidation tests were conducted to study the effect of copper 
slag (original gradation) on compressibility behavior of cement-treated SMC. 
Components of mixes used in this study were kept to be the same for all mixes in Test 
series-P to Test series-R. 
  
(i) For Test series-P and Q (Initial water content, wi = 100%) constant workability:  
 
Figure 4.38 shows the e-log p curves of control mix and test mix for Test 
series-P with apparent copper slag content of 30%, for both 7 & 28 days curing time. 
All the compression curves showed similar trend. The yield stress did not change with 
addition of copper slag. Similar behavior can also be observed from plot of 
volumetric stain verses effective overburden stress shown in Figure 4.39. Further, at 
figure 4.38 suggested that there was an effect of formation of cementation bond at the 
pressure range before the yield stress. Beyond the yield stress, there is a larger 
gradient of reduction in void-ratio with increase in consolidation pressure for all 
ranges of apparent copper slag content. This could be due to the apparent breaking of 
cementation bond, when it was loaded beyond the yield stress. Similarly, it was also 
found that Test series-Q showed the same trend as Test series-P as shown in Figure 
4.40.   
 The compression induces of control mix and test mix samples for Test series-P 
in term of compression index (Cc) and recompression index (Cr) value were calculated 
from e-log P curves. These induces are shown in Figure 4.41(a). Figure 4.41(a) shows 
that Cc and Cr values of Test series-P remained almost constant with increasing 
amount of copper slag. This indicated that compressibility of cement-treated clay did 
not change due to partial replacement of cement by copper slag. Similarly, it was also 





found that Test series-Q showed the same trend as Test series-P as shown in Figure 
4.41 (b).   
 
(i) For Test series-R (To achieve constant UCS similar to control mix) at constant 
workability:  
 
Figure 4.42 show the e-log P curves of control mix and test mix for Test 
series-R. The figure shows that all the compression curves were very similar with 
almost constant Cc and Cr.  
Thus, it can be concluded that copper slag (original gradation) can be used as 
partial replacement of cement in treating soft marine clay and yet no significant 













































(b) Test series-P, curing time = 28 days 
 
Figure 4.38 Effect of copper slag (original gradation) on e-logP relationship of 
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Figure 4.39 Effect of copper slag (original gradation) on εv-log P relationship of 
cement-treated SMC for Test series-P 
 
 
(a) Test series-P, curing time = 7 days 
(b) Test series-P, curing time = 28 days 
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(b) Test series-Q, curing time = 28 day 
 
Figure 4.40 Effect of copper slag (original gradation) on e-log P relationship 
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(b) Test series-Q 
 
Figure 4.41 Effect of copper slag (original gradation) on compression indices of 
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Figure 4.42 Effect of copper slag (original gradation) on e-logP relationship of  
cement-treated SMC for Test series-R 
 





4.3.3 Atterberg Limits 
Figures 4.43 show the effect of copper slag (original gradation) on liquid limit 
(LL), plastic limit (PL) and plasticity index (PI) of treated clay for Test series-P. The 
figure shows that both LL and PL decreased whereas PI remained almost constant, as 
apparent copper slag content increased. Similarly, it was also found that Test series-R 












Figure 4.43 Effect of copper slag (original gradation) on Atterberg limits of cement-




The effect on LL and PL of cement-treated clay with increasing amount of 
copper slag (original gradation) cannot be attributed to the change in the diffused 
layer of the clay component. Chew et al. (2004) attributed that the increase in LL and 
PL of clay after cement treatment was due to the entrapped water within the particle 
clusters. The decrease in LL and PL of cement-treated clay with increasing amount of 
copper slag indicated that the holding capacity of entrapped water within treated clay 
clusters had been weakened. This might be one reason for decease in LL and PL of 
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treated clay. The second possible reason as the water absorption of copper slag 
(original gradation) particles was lower than that of cement and clay particles, thus 
copper slag particles absorbed less amount of water than that of clay and cement 

























Figure 4.44 Effect of copper slag (original gradation) on Atterberg limits of cement-
treated SMC at “reference workability” of Test series-R 
 
 
4.3.4 pH Value  
Figure 4.45 shows the effect of copper slag (original gradation) on pH value of 
treated clay for Test series-P. The figure shows that pH value was constant with 
increasing amount of copper slag. Similarly, it was also found that Test series-R 
showed the same trend as Test series-P as shown in Figure 4.46.   
 
 
























Actual Copper slag Content (%)
Actual Cement Content (%) 
7 days curing 
28 days curing 



















Figure 4.45 Effect of copper slag (original gradation) on pH value of cement-treated 
























Figure 4.46 Effect of copper slag (original gradation) on pH value of cement-treated 
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) concentration in pore water. Chew et al. (2004) found that the pH 
value increased rapidly at lower cement content (actual cement content <20%) but the 
rate of the rise was moderate at higher cement content (actual cement content > 20%). 
In present study, with increasing amount of copper slag, the actual cement content was 
almost equal to or greater than 20%. This indicated that pH value would be remained 
almost constant due to sole effect of cement. 
In copper slag (original gradation), Calcium (oxide (CaO) was only limited to 
7%. Hence, effect of copper slag (original gradation) on pH value of cement-treated 
clay would not be significant. Hence, pH value of cement-treated clay would not be 
changed with increasing amount of copper slag. 
 
4.3.5 Microstructure  
 The Scanning electron microscope (SEM) studies were carried out to study the 
effect of copper slag (original gradation) on microstructure of cement-treated clay for 
Test series-R. Figures 4.47 & 4.48 show the scanning electron micrographs of control 
mix sample of Test series-R, for both 7 and 28 days of curing time. All the 
micrographs were taken using 3000x magnification. Chin (2006) showed that this 
magnification was suitable for examining the microstructure of treated clay. Figure 
4.47 shows a flocculated structure with some sign of reticulation of control mix 
sample and its particle cluster interspersed by spare opening was evident after 7 days 
of curing time. The formation of flocculated treated clay structure was due to the 
cation exchange process, as reported in the various literatures for both lime- and 
cement-treated clay (Locat et al., 1990; Mitchell and Soga, 2005; Kamaruzzam et al., 
2006; Diamond and Kinter, 1965).  
















Figure 4.47 SEM image of 30% cement + 0% copper slag treated SMC at 














Figure 4.48 SEM image of 30% cement + 0% copper slag treated SMC at 
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This was clearly different from the microstructure of remoulded, untreated Singapore 
marine clay, which has a fairly open structure with the platy clay particles assembled 
in a dispersed arrangement (Chew et al., 2004). After 28 days of curing time, it was 
found that flocculated structure with sign of reticulation of cement-treated clay was 
more evident, with treated clay partial clusters interspersed by large openings that can 
be seen in Figure 4.48, similar to that observed by Chew et al. (2004).   
 Figures 4.49 to 4.54 show the scanning electron micrographs of test mixes of 
Test mix-R, for 7 and 28 days curing time. The figures show that the particles were 
clearly visible even at its smaller content (i.e. 10%) and it increased along the 
scanning surface with increasing amount of copper slag. In addition to this, embedded 
copper slag (original gradation) particles among flocculated clay particles were also 
observed at some places. However, it seemed that microstructure of test mixes were 
not changed. The cement-clay particle cluster interspersed by large opening was 
found. The flocculated nature of structure and degree of reticulation also appeared to 
be the same as control mix sample. Thus, it could be reasonable to expect the constant 

























Figure 4.49 SEM image of 30% cement + 10% copper slag treated SMC at 












Figure 4.50 SEM image of 30% cement + 20% copper slag treated SMC at 





































Figure 4.51 SEM image of 30% cement + 30% copper slag treated SMC at 






















Figure 4.52 SEM image of 30% cement + 10% copper slag treated SMC at 
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Figure 4.53 SEM image of 30% cement + 20% copper slag treated SMC at 























Figure 4.54 SEM image of 30% cement + 30% copper slag treated SMC at 
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4.4 Concluding Remarks 
4.4.1 Pozzolanic Property of Copper Slag in Sand Mortar Mix and Cement-
Treated Clay 
 
In part 1 of this chapter, pozzolanic property of copper slag was evaluated in 
sand-mortar and cement-treated clay. In sand-mortar, pozzolanic property of copper 
slag was evaluated according to ASTM C618-08a standard which was based on 
standard sand-mortar mix. The control mix (sand-mortar sample without copper slag) 
and Test mix-1 (sand-mortar sample with copper slag) were prepared and tested for 
compressive strength. From test results, it was found that the strength activity index of 
copper slag (original gradation, 67% of particles having size of 0.15 to 2 mm and 33% 
of particle having size of less than 0.15 mm) was about 60%. This “strength activity 
index” was found to be less than the requirement of ASTM C618 to be considered as 
pozzolanic material to be used in concrete. Hence, it was concluded that copper slag 
(original gradation) did not exhibit pozzolanic property based on ASTM C618’s 
requirement. On the other hand, “strength activity index” of Test mix-3 prepared with 
copper slag (fine gradation, all particle size smaller than 0.15 mm) increased with 
curing time and found to be 74% after 60 days curing time.   
ASTM C618 states that a material can be used as “pozzolanic material” in 
concrete, if the “strength activity index” is equal to or greater than 75% after curing for 
7 or 28 days. As pozzolanic reaction of copper slag is found to be slow, hence the 
“strength activity index” about 75% of Test mix-3 was achieved only after 60 days of 
curing time. Thus, it can still be reasonably concluded that the copper slag (fine 
gradation) showed observable pozzolanic property to be used in concrete but slower 
than fly ash or natural pozzolans.  
 Due to pozzolanic property of copper slag (fine gradation), copper slag (fine 
gradation) can be used to treat soft clay with cement in actual field condition. 





However, the savings cost achieved because of strength increase due to pozzolanic 
property of copper slag (fine gradation) may not be enough to offset the significant 
increase in cost for sieving of copper slag (original gradation) to produce its fine 
gradation.  
 Copper slag (original gradation) was said to “not exhibiting observable 
pozzolanic property" according to ASTM 618. However, there are still pozzolanic 
reaction between fine portion of copper slag and Ca(OH)2. This is because ASTM 618 
method arrived at conclusion by comparing the strength of “standard” test mix with 
“standard” control mix. The standard control and test mixes were prepared with 
specific percentage of actual cement content, actual copper slag content and actual 
sand content according to ASTM C618. If a “non standard test” mix is prepared with 
original gradation of copper slag (Test mix-3a of Table 4.2), copper slag (original 
gradation) can also show pozzolanic reaction.  
 Study was conducted with copper slag (original gradation) and cement used in 
treating clay instead of sand. XRD study was carried out to further verify the 
pozzolanic reaction between fine portion of copper slag (original gradation) and 
Ca(OH)2. It was found that intensity of CSH increased with addition of copper slag 
(original gradation) in cement-treated clay. This clearly indicated the contribution of 
fine portion of copper slag in the formation of more CSH, i.e. more pozzolanic 
reaction. Thus, it was concluded that fine portion of copper slag would contribute to 
increase in strength of cement-treated clay. The contribution to increase in strength 
due to reaction between fine portion of copper slag (original gradation) and Ca(OH)2 
was called “Chemical effect”. 
Apart from “Chemical effect” of fine portions of copper slag (original 
gradation), when copper slag (original gradation) was added in cement-treated clay, it 





also affected cement-treated clay “Physically”. Hence, it was expected that 
engineering property of cement-treated clay will be changed due to combined effect 
(i.e. “Chemical effect of fine portion of copper slag” and “Physical effect of copper 
slag (original gradation)”). Hence, in part 2 of this chapter, effect on engineering 
property and microstructural property (original gradation) of cement-treated clay with 
increasing amount of copper slag (original gradation) was studied. 
 
4.4.2 Effect of Copper Slag on Engineering Property of Cement-Treated Clay 
The effect on engineering properties of cement-treated clay was studied with 
increasing amount of copper slag (original gradation). Two cases were considered in 
this study.  In one case, water content of test mix was set to be the same as that of 
control mix and in other case, workability of test mix was set to be the same as control 
mix. 
 
(a) UCS at Constant Water Content  
 In this part of study, the effect on UCS of cement-treated clay was studied 
with increasing amount of copper slag (original gradation) at constant water content. 
Water content of test mix was set to be the same as that of control mix. Mixes of two 
water contents (i.e. 100% and 140%) were studied. Three series of tests, Test series-M, 
Test series-N and Test series-O were studied with apparent cement content of 10%, 
30% and 50% respectively. When copper slag was added into cement-treated clay, 
copper slag will affect the cement-treated clay in three ways; (i) “Physically”, this 
“Physical effect” of copper slag led to the reduction of the strength of cement-treated 
clay with increasing amount of copper slag, as void ratio and free water increased at 
constant water content; (ii) “Chemically”, “Chemical effect” of fine portion of copper 





slag led to the improvement of the strength of cement-treated clay; and (iii) “reduces 
the actual cement content” in cement-treated clay, this “deduction of actual cement 
content” led to the reduction of the strength of cement-treated clay. UCS of samples 
of all three test series were found to be decreased with increasing amount of copper 
slag. This reduction in UCS was found because of reduction in strength due to 
“Physical effect” of copper slag and “reduction in actual cement content of test mix” 
was higher than the increase in strength due to “Chemical effect” of fine portion of 
copper slag. 
 
(b) UCS at Constant Workability  
This study is further divided into 2 parts. The part 1 studied the effect of 
copper slag at constant workability with constant cement content but varying copper 
slag content (Test series-P and Test series-Q). Test series-P and Q has apparent 
cement content of 30% and 50% respectively. Both series used initial water content of 
100%. Part 2 studied the effect of copper slag at constant workability by keeping the 
UCS to be constant but varying cement content and copper slag content (Test series-
R). This series (Test series-R) is carefully selected such that the condition is close to 
field condition in jet grouting treatment (i. e. initial water content of about 140%).  
At constant workability, constant cement content and initial water content of 
100%, UCS of cement-treated clay changed with increasing amount of copper slag. It 
was found that in shorter curing time (i.e. 7 days) and lower cement content (i.e. 30% 
apparent cement content), UCS of cement-treated clay decreased slightly with 
increasing amount of copper slag (Refer to Test series-P, 7 days curing time). On the 
other hand, in longer curing time (i.e. 28 days) and higher cement content (i.e. 50% 
apparent cement content), UCS of cement-treated clay increased with increasing 





amount of copper slag (Refer to Test series-Q, 28 days curing time). Hence, it can be 
concluded that at 100% initial water content, higher cement content and longer curing 
time, copper slag can be used as a partial replacement of cement.    
At constant workability (Test series-R), UCS of test mixes equal to that of 
control mix can be achieved when part of the cement was replaced by copper slag at 7 
days curing time (in this study, control mix (without copper slag) is with 30% actual 
cement content and 140% water content). 
This constant strength or change in strength of cement-treated clay with 
increasing amount of copper slag at constant workability, was due to the combined 
effect of 3 factors (i.e. “Physical effect”, “Chemical effect” and “Reduction in the 
actual cement content”). Note that the “Physical effect” of copper slag in this constant 
workability condition lead to an increase of strength because of void ratio decreased, 
in contrast to “Physical effect” in constant water content condition which led to the 
reduction in strength. When reduction in strength due to decrease in “actual cement 
content” of test mix was higher than the increase in strength due to “Physical effect” 
and “Chemical effect”, the strength of cement-treated clay decreased with increasing 
amount of copper slag. On the other hand, when the reduction in strength due to 
decrease in “actual cement content” of test mix was lower than the increase in 
strength due to “Physical effect” and “Chemical effect”, the strength of cement-
treated clay increased with increasing amount of copper slag. 
 
(c) Compressibility and Atterberg Limits at Constant Workability  
 
 At constant workability, the effect on compression behavior and Atterberg 
limits of cement-treated clay were studied with increasing amount of copper slag. All 
the compression curves (cement-treated clay with and without copper slag) showed 





almost similar trend (Test series-P to Test series-R). The yield stress did not change 
with increasing amount of copper slag. The value of compression indices (Cc and Cr) 
was also found to be unchanged with increasing amount of copper slag.  
 The LL and PL limits of cement-treated clay decreased with increasing 
amount of copper slag (Test series-P and Test series-R). The possible reason was 
expected as the water absorption of copper slag particles was lower than that of 
cement and clay particles, thus copper slag particles absorbed less amount of water 
than that of clay and cement resulted in lowering of water within treated clay clusters.  
 
4.4.3 Effect of Copper Slag on Microstructural Property of Cement-Treated Clay 
 at constant workability.  
 
 The SEM studies were carried out to study the effect of copper slag (original 
gradation) on microstructure of cement-treated clay at constant workability. The 
results of SEM showed that the copper slag  particles were clearly visible even at its 
smaller content (i.e. 10%) and it increased along the scanning surface with increasing 
amount of copper slag (Test series-R). In addition to this, embedded copper slag 
particles among flocculated clay particles were observed at some places. However, it 
was found that the microstructure of test mix did not change. The cement-clay particle 
cluster interspersed by large opening was observed. The flocculated nature of 
structure and degree of reticulation also appeared to be the same as control mix 
sample. 
 





Design of Laboratory Low Pressure Grouting Experiment 
_________________________________________________________ 
5.1 Introduction 
This chapter presents the design of Laboratory low pressure grouting 
experiment. This includes design of grouting system, preparation of soil sample, 
preparation of grout for injection, procedure of grouting and summary of test program. 
The experiment was designed to simulate the in-situ field condition for jet grouting at 
low pressure. The performance of low pressure grouting (i.e. via radius of grouted 
column) was evaluated by using this grouting apparatus. The parameters considered in 
the evaluation of performance were nozzle diameter, in-situ soil strength, grout 
viscosity, overburden pressure and other operational parameters of grouting. 
Singapore marine clay (SMC) was used in this experiment. The practical reason of 
selecting this soil for conducting this experiment lies in the fact that this soft soil was 
found in a number of housing estates in Singapore, and could be improved by low 
pressure grouting.  
In this experiment, copper slag (original gradation)–cement based grout 
(which was studied in Chapter 3 and 4) should be used for performance evaluation. 
However, it was found that when adding copper slag (original gradation) in the 
cement grout, outlet of fluid grout-compressed air system was found to be blocked by 
“coarse” particles of copper slag during grouting process. Hence, cement grout with 
copper slag (fine gradation) was used in subsequent grouting experiment. In the actual 
field condition, this problem will not be there as the valve of grout pipeline is large 
enough to allow the flow of copper slag (original gradation)-cement based grout. Thus, 
in the field, “Physical effect” of copper slag (original gradation) as well as “Chemical 




effect” of fine portion of copper slag (original gradation) can be utilized to improve in 
engineering properties of cement-treated clay. “Physical effect” of copper slag and 
“Chemical effect” of fine portion of copper slag (original gradation) in cement-treated 
clay were already studied in Chapter 3 and 4. 
Copper slag (original gradation) affected cement-treated clay “Physically” and 
fine portion of copper slag affected cement-treated clay “Chemically”. Thus, in 
laboratory grouting experiment, “Chemical effect” of copper slag (original gradation) 
in cement-treated clay was captured well as copper slag (fine gradation) was used. 
Strength obtained in laboratory grouting experiment was mainly due to “Chemical 
effect” of copper slag (fine gradation) which would be conservative with respect to 
field condition as the copper slag (original gradation) will be used in the field. It 
should be noted that combined effect (i.e. “Physical effect” of copper slag (original 
gradation) and “Chemical effect” of fine portion of copper slag) would lead to higher 
strength than sole effect of “Chemical effect” of fine portion of copper slag. 
Nevertheless, it can be stated that low pressure grouting experiment captured well 
“Chemical effect” of fine portion of copper slag (original gradation) in cement-treated 
clay.  
 The following sections present the layout and design of grouting system, 
design of grouting model tank & estimation of size of soil sample, preparation of soil 
sample and its properties, preparation of grout for injection, procedure of grouting and 
summary of test program.  
 
5.2 Layout and Design of Grouting System  
In the low pressure grouting for the permeable grouting in peaty soil, the 
grouting pressure of 0.2 to 0.5 MPa was generally used (Chew, 2005). However for 
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Figure 5.1 Layout of grouting laboratory modeling apparatus 
 
the displacement/replacement grouting in clay, it was expected that higher grouting 
pressure as compared to that need in peaty soil might be needed for effective cutting 
and mixing of clay. So, the laboratory grouting modeling apparatus was designed for 























The layout of laboratory grouting modeling apparatus for the present study is 
shown in Figure 5.1 which mainly consisted of three parts (A) Grouting and loading 
system, (B) Fluid grout-compressed air system, and (C) Compressed air cylinder. The 
details of these parts are discussed as following: 
(A) Grouting and loading system: The detailed schematic diagram of this system is 
shown in Figure 5.2. A photograph of grouting system is also shown in Figure 5.3. A 
1.1 m long stainless steel seamless jetting pipe of maximum rating pressure of 33 
MPa was used to supply the grout of maximum pressure of 3.0 MPa to the nozzle into 
the soft clay mass in a model tank. The internal and external diameters of pipe were 
7.98 mm and 9.52 mm respectively. A steel frame was used to keep this jetting pipe at 
centre of grouting model tank and achieve sufficient rigidity against the reaction 
forces generated during jetting. The lower end of jetting pipe was attached with a 
nozzle, and pipe was passed through the steel frame by flange bearing. Figure 5.4 
shows nozzles of rating pressure of 17 MPa. The nozzle diameter of 2 mm, 2.5 mm 
and 3.0 mm was used to study the effect of size of nozzle diameter on radius of 
grouted column. Variable speed motor was used to rotate the jetting pipe during test 
(Figure 5.5). A speed controller was used to control the speed of motor (Figure 5.6). 
Three threads of different pitch sizes 2.5 mm, 5 mm and 10 mm was used to get 
withdrawal rate of 50 mm/min, 100 mm/min and 200 mm/min respectively. Hydraulic 
loading machine was used to apply the vertical load on soil sample through loading 
frame. Figure 5.7 shows a view of loading frame. A grout pressure line with pressure 
pipe of maximum rated capacity of 15.5 MPa, was used to connect the upper end of 
jetting pipe and fluid grout-compressed air system.  
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Figure 5.4 Nozzles with elbow 
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Figure 5.7 Loading frame for application of overburden pressure on soil sample 
 
 
(B) Fluid grout-compressed air system: To achieve the maximum grouting pressure of 
3.0 MPa, a fluid grout-compressed air system of maximum rated capacity of 4.82 
MPa was used (Figures 5.8). The volume of this system was 57 liters which contains 
grout for injection. An air relieve valve of 4 MPa (less than maximum rated capacity 
of this system) was used. A pressure gauge of maximum rated capacity of 4 MPa was 



















Figure 5.8 Fluid grout-compressed air system 




A air pressure line of maximum rated capacity of 15.5 MPa, was used to connect the 
fluid grout-compressed air system and compressed air cylinder. 
(C) Compressed air cylinder: To pressurize the grout of fluid grout-compressed air 
system, a compressed air cylinder of maximum rated capacity 20 MPa was used 
(Figure 5.9). The amount of air entering from compressed air cylinder into fluid 
grout-compressed air system through pressure pipe was controlled by a pressure 
regulator. This control in turn allows for the constant pressure required for grouting 
the soil sample. To measure the pressure of compressed air cylinder and pressure 
delivered to fuild grout-compressed air system, two pressure gauges of 20 MPa and 4 






































 5.3 Design of Grouting Model Tank and Estimation of Size of Soil Sample  
The diameter of grouting model tank was estimated based on maximum 
diameter of grouted column by jet grouting with the designed grout pressure & nozzle 
diameter, and allowing for a clearance of 70 mm from the wall of the model tank 
(Figure 5.10).  
It is understood that more horizontal clear distance is preferred to avoid the 
effect of wall on the test results (grouting distance). To provide more horizontal clear 
distance, large diameter of sample is required to be prepared by consolidating slurry 
clay. The preparation of sample by consolidation slurry clay will be discussed later.   
Large diameter of sample is required longer time to consolidate to achieve the 
required shear strength. However, due to time constants, 500 mm sample diameter 
including 70 mm clear horizontal distance was provided. Moreover, it was found that 
70 mm clear distance is satisfactory to avoid the effect of wall on test results. This can 
 
                                                                                   
                                                
 
 





                        
 
 
                          
 
                      
 
 
                                                                         
 
 
Figure 5.10 Design of grouting model tank and estimation of size of soil sample 
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be justified with the help of the expression given by Modoni et al. (2006), Ho (2005) 
and Boussinesq’s theory of vertical stress distribution under uniformly distributed 
vertical load. Here, it is assumed that stress distribution in soil follows Boussinesq’s 
theory. The relationship proposed by Modoni et al. (2006) for maximum radius of 
grouted column, Rmax  is given by  






R 4.26max           (5.1) 
where dn = nozzle diameter, Pi = injection pressure, Cu= undraind shear strength and 
N= viscosity ratio of injected fluid to water. For present case, maximum radius of 
grouted column (Rmax) at withdrawal rate = 0 mm/min was found to be 224 mm for Cu 
= 15.7 kPa, dn = 3 mm, Pi = 2.5 MPa and N = 20.   
 Stroud (1992) observed that when withdrawal rate increased from 100 to 200 
mm/min, the average radius of grouted column decreased by 20%. Hence, assuming 
that radius of grouted column, Rmax is reduced by 20% when withdrawal rate is 
increased from 0 to 100 mm/min. Thus, radius of grouted column, Rj = 224-
224*20/100 = 180 mm at withdrawal rate of 100 mm/min. 
Clearance distance = radius of model tank –Rj 
          = 250-180 = 70 mm   
Grouting distance lj = Rj- radius of injection hole (24 mm for present case) 
        lj = 180- 24  
          = 156 mm 
The equilibrium radius and jet pressure near the tip of jet can be calculated with the 
relationships proposed by Ho (2005) (Figure 5.11). 
Equilibrium radius near tip of jet, rt = lj/13.5           (5.2) 
                                                          =156/13.5 =12 mm 
























Figure 5.11 Equilibrium radius near tip of jet 
 
Jet pressure near tip of jet, q = 2.4 Cu = 2.4*15.7 ≈39 kPa 
Now, the pressure on wall of model tank can be calculated from Boussinesq’s theory 


















Figure 5.12 Calculation of stress on wall of model tank 
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z        (5.3) 
rt = 12 mm, z = 70 mm 
Then,  σz ≈ 2.0 kPa  
The pressure on wall of model tank is very small. Hence, the effect of wall of model 
tank on test results (grouting distance) expected to be insignificant. Thus, in the final 
design, a tank diameter of 500 mm (diameter of sample = 500 mm) was decided for 
maximum test pressure of 2.5 MPa and maximum nozzle diameter of 3.0 mm. 
 It is known that the diameter of grouted column varies from about 0.5 m to 
more than 1.5 m in traditional jet grouting with high pressure. Hence, by using 0.5 m 
of tank diameter, diameter of grouted column in laboratory low pressure grouting 
experiment can not be achieved similar to that of field condition of jet grouting. 
However, this experiment provides some data for calibration of the equation to predict 
the diameter of grouted column, which is dependent on injection pressure, undrained 
shear strength, nozzle diameter, withdrawal rate and rotational speed of jetting pipe. 
After the calibration, the diameter of grouted column in field (with low pressure) can 
then be predicted. Hence, the study serves this practical application. 
The thickness of soil sample was estimated based on thickness of grouting 
layer and the non-interference distance as shown in the Figure 5.10. In order to avoid 
interference between two layers of grouting of thickness 100 mm, a vertical 
separation of 100 mm called non-interference thickness was provided between them. 
A 50 mm gap was maintained to avoid interference between the jet grout layer and the 
top cover plate and bottom of model tank respectively. It was thus decided that the 
minimum soil sample thickness should be about 400 mm. 




The thickness of soil sample of 400 mm is required. However, the height of 
model tank of 700 mm was decided to serve two purposes:  (1) to get about 400 mm 
thickness of soil sample after consolidation of clay slurry as sample is prepared by 
consolidating slurry clay (total thickness of sample before consolidation = 650 mm, 
consolidation settlement = 250 mm), (2) to get sufficient free board of 300 mm to 
contain the slurry discharged during test. The photograph of model tank is shown in 
Figure 5.13.  
Furthermore, to facilitate the removal of clay in the model tank after 
completion of grouting, the model tank was fabricated into two parts called upper and 
lower part. The height of upper and lower parts of model tank was 300 mm and 400 
mm respectively. The lower part of model tank can be separated into two halves and 

























of model tank 









5.4 Preparation of Soil Sample and its Property  
5.4.1 Preparation of Soil Sample 
Due to large size of soil sample needed in the laboratory model apparatus, it 
was not practical to prepare this soil sample from in-situ block sample. Hence, slurry 
clay was consolidated to be used in this model study. It is known that properties such 
as permeability, microstructure and compressibility of remolded consolidated clay 
sample may be different from properties of in-situ clay sample. These different 
properties of consolidated clay sample may affect the radius of grouted column. 
However, assuming that undrained shear strength of the clay is the main governing 
parameter controlling grouting, the remolded consolidated model soil prepared by 
consolidating slurry clay in this study is still good representative of the behavior of in-
situ clay.  
The schematic diagram during consolidation of slurry clay is shown in Figure 
5.14.  The preparation of soil sample is described here. First, slurry clay was prepared 
in mixer with predetermined amount of water added to achieve uniform clay slurry of 
100% water content. The perforated PVC pipe (Length = 700 mm, Di = 40 mm & 
thickness = 4 mm) was placed vertically at center of grouting model tank with the 
help of groove made at bottom of model tank (Figure 5.15). After inserting PVC pipe, 
model tank was filled with slurry clay upto 650 mm height. The perforated PVC pipe 
was placed at the center of model tank to serve to provide drainage path of water 
during consolidation and also creates a hole at the center of soil sample for inserting 
jetting pipe for grouting operation. This PVC pipe was also made into two equal parts 
of length 350 mm because the upper part can be removed after consolidation of slurry 
clay. Geotextile was wrapped around circumference of this pipe so that the cla y 
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particle cannot enter into it during consolidation. Geotextile was also placed around 
the circumference, and at the top and the bottom of soil mass to allow the escape of 
water radialy as well as vertically. After pouring the slurry clay, a circular cover plate 
of diameter 490 mm was placed on top of clay slurry (Figure 5.16). The plate has 
central hole of diameter 50 mm which was designed to allow the insertion of PVC 
pipe during consolidation. After keeping the cover plate on slurry clay, a circular pipe 
of length 300 mm and internal diameter of 50 mm was placed at the centre of cover 
plate. Then, the slurry clay was loaded through circular pipe by hydraulic loading 
























































Figure 5.17 Slurry clay under consolidation 
 
The required vertical stress to achieve required value of clay undrained shear 
strength after consolidation of sample was estimated by the following expression 
(Skempton, 1957): 
           PI
Cu 0037.011.0
'
            (5.4) 
where  
Cu is undrained shear strength 
          σ  is effective vertical stress, and 
          PI is plasticity index. 
The approximate value of time required for consolidation was computed by applying 
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                       U=1-(1-Uv) (1-Ur)           (5.9) 
                     where 
         Tv is time factor for vertical consolidation, 
                      tv & tr are time for vertical and radial consolidation respectively, 
cv & ch are coefficient of vertical and radial consolidation respectively, 
H & D are effective drainage path for vertical and radial consolidation 
respectively, 
d is diameter of vertical drain,  
          Uv & Ur are degree of vertical and radial consolidation respectively, 
         U is total degree of consolidation. 
Finally, vane shear apparatus was used to determine the undrained shear strength of 
consolidated clay. The soil sample of undrained shear strength of about 7.5 kPa, 15 
kPa and 25 kPa were planned to prepare. To achieve 90% consolidation and 15 kPa of 
increased undrained shear strength of soil sample, the computed time and stress were 
obtained about 8 days and 67 kPa respectively.  The summary for preparation of soil 
sample is presented in Table 5.1. There are total of 17 samples being prepared for this 
study. The samples were labelled as S1 to S17 as shown in Table 5.2. 
Table 5.1 Summary of preparation of soil sample 
                    
 
     Targeted 
undrained shear 
strength, Cu  (kPa) 
Average water 
content of clay at 
initial state (%) 
Required    Time for 
consolidation 





7.5 100 33.5 7 8 
15 100 67 14 8 
25 100 112 22 8 




5.4.2 Property of Soil Sample 
 The following properties of soil sample were determined before and after the 
grouting experiments: (a) shear strength and (b) unit weight (γ) & water content (w). 
The shear strength of sample was determined because this is governing parameter for 
evaluation of the final diameter of grouted column as mentioned by researchers (Bell 
(1993); Luo et al. (1997); Japanese jet grouting association (JJGA, 1995)) whereas unit 
weight and water content were determined to check the uniformity of soil sample.   
(a) Shear Strength: The shear strength of consolidated sample was determined 
before grouting experiments. The vane shear apparatus was placed on top of sample. 
Vane was then placed 20-30 mm away from injection hole and inserted to required 
depth into the soil sample (Figure 5.18). The soil was shear by applying a torque at 
constant rate of 10°/min. The time to reach failure for present experiment varied from 
5 to 15 minutes. After reaching the failure, the final reading of pointer was recorded. 
The difference in initial and final reading with multiplication of spring constants gives 
the shear strength of soil sample at required depth of soil sample. 
Figures 5.19 (a) to (c) show some typical variation of shear strength with 
sample depth for sample S10, S4 and S12 respectively. Here, it was targeted to 
achieve the shear strength of 25 kPa, 15 kPa and 7.5 kPa corresponding to 
consolidation pressure of 112 kPa, 67 kPa and 33 kPa. As can be seen from figures, 
there was no significant variation in shear strength within each sample. The average 
value of shear strength with standard deviation of sample S10, S4 and S12 were found 
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1 & 2 
Samples were tested with grout of different viscosity (water to binder ratio)  
3
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Figure 5.19 (c) Variation of shear strength with sample depth for sample S12 
 
 (b) Unit Weight and Water Content: The unit weight and water content of sample 
was determined, after grouting of soil sample from soil obtained from location that 
was undisturbed by grouting (Figure 5.20).  
 



























Figure 5.20 Location for unit weight and water content determination after grouting 
 
 For unit weight determination, the empty weight of Oedometer ring of size 70 
mm in diameter and 19 mm thickness was recorded. After this, the ring was placed on 
soil sample and pressed with finger to be filled by the soil sample. The weight of ring 
with soil was then recorded. The weight of soil divided by volume of ring gives the 
unit weight of soil sample.  
 The water content of sample was determined using the same soil used for unit 
weight determination. The water content was determined by oven method. 
 Figure 5.21 (a) to (c) show the variation of unit weight ( ) and water content 
(w) with depth for sample S10, S4 and S12 respectively. As can be seen from figures, 
there was no significant variation with depth within each sample. The average value 
of water content with standard deviation of sample S10, S4 and S12 were found to be 
Location for unit weight and water 
content determination 
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50.2  0.98, 60.4 1.08 and 64.1  0.98 respectively. Similarly the average value of 














Figure 5.21 (a) Variation of water content and unit weight with sample depth for sample 























Figure 5.21 (b) Variation of water content and unit weight with sample depths for 
sample S4 (shear strength of sample = 13.8 kPa) 
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Figure 5.21 (c) Variation of water content and unit weight with sample depth for sample 
S12 (shear strength of sample = 7.25 kPa) 
 
 
 0.17, 16.2  0.22, and 15.84  0.22 respectively. Standard deviations of these 
properties are low enough for this size of sample (D = 500 mm, H = 400 mm). Hence 
the consolidation of sample can be considered as reasonably uniform. It was also 
found that as water content increased (S10  S4  S12), the unit weight of soil 
sample decreased as expected. The variations of unit weight ( ) and water content (w) 
with depth for other soil samples are given in Appendix A.     
 
5.5 Composition and Preparation of Grout for Injection 
The composition of copper slag (fine gradation)-cement grout for 3 types of 
grouts used in this experiment was given in Table 5.3. Here, grout type-2 mixed with 
clayey soil would results in the similar range of value of water content, apparent 
cement content and apparent fine portion of copper slag (original gradation) content 





Table 5.3 Composition of copper slag-cement grout for different water-binder ratio 
 











Type-1 1:1 25 22.5 2.5 25  
Type-2 1.5: 1 30 18 2 20 
Type-3 2:1 30 13.5 1.5 15 
 
*Binder is the sum of cement and copper slag (fine gradation) 
 
as those samples studied in Chapter 3 and 4. It was noted that 1 part of copper slag 
(fine gradation) is arising from 3 part of copper slag (original gradation), as the 
common copper slag found in Singapore contains 33% of finer particles.   
The following assumptions were made for calculation for component of grouted soil: 
(1) 50% clay is replaced by grout. 
(2) The grouted clay is homogeneous. 
(3) Grouted clay takes the form of a uniform cylindrical body. 
(4) There is no bleeding during the curing stage after formation of grouted 
column. 
(5) There is no drainage of water from the grouted column during self-weight 
consolidation stage. 
(6) Cement and clay particles are incompressible.  
Calculation for composition of grouted soil is given in Table 5.4. It can be seen that 
composition of resultant grouted soil was within the range of water content, apparent 
cement content and apparent copper slag (fine gradation) content  of those samples 
studied in Chapter 3 and 4 (water content: 92.1%, apparent cement content ≈ 49.2% 
and apparent copper slag (fine gradation) content ≈ 5.47%).  
 
 




Table 5.4 Calculation of apparent cement content, apparent copper slag (fine 






Unit weight of soil [Figure 5.21 (b)] 16.20 kN/m
3
Water content of untreated soil [Figure 5.21 (b)] 60.50 %
Unit weight  of grout slurry [Calculated] 13.80 kN/m
3
Water content of grout 150.00 %
Displaced clay by grout [assumption 1] 50 %
Volume of untreated soil (assumed) 1 m
3
Volume of soil remains in grouted column 0.5 m
3
Volume of grout mixed with soil 0.5 m
3
Dry weight of soil remain in grouted column 504.67 kg
Dry weight of grout mixed with soil 276.00 kg
Weight of water in grouted column from soil 305.33 kg
Weight of water in grouted column from grout 414.00 kg
Weight of cement mixed with soil 248.40 kg
Weight of FGCuS mixed with soil 27.60 kg
Apparent cement content 49.22 %
Apparent copper slag (Fine gradation) 5.47 %
Equivalent apparent copper slag (original gradation) 16.41 %
Water content of grouted soil 92.14 %
Composition
Water- binder (cement +copper slag (fine gradation)) ratio 




For preparation of grout, following steps were followed for mixing: 
(1) Fill the mixing tank with the predetermined required amount of water, and weigh 
the required amount of cement and copper slag (fine gradation) (Figure 5.22). 
(2) Agitate the water manually and simultaneously add the required amount of 
cement and copper slag (fine gradation) for uniform mixing (Figure 5.23). 









5.6 Procedure of Grouting  
The laboratory grouting experiment were planned to carry out on soil 
sample of undrained shear strength of 7.5 kPa, 15 kPa and 25 kPa. The upper part 















































layers of grouting of 100 mm thickness, called lower grout layer and upper grout 
layer, were done (Figure 5.24). For lower layer of grouting, the lower part of PVC 
pipe was withdrawn up to 150 mm from base of tank. The jetting pipe was then 









                                                                                   
                                                
 
 





                        
 
 
                          
 
                      
 
 
                                                                         
 
 
Figure 5.24 Position of layers of grouting in grouting model tank 
 
of model tank (Figure 4.25). The steel frame with steel ball bearing and variable speed 
motor were fitted. A thread within steel frame was also fitted to control the lifting of 
jetting pipe during grouting. The overburden pressure on soil sample was applied 
through loading frame and cover plate. A view of model tank, jetting pipe, frame to 
hold jetting pipe and loading frame before start of jetting can be seen in Figure 5.26.  
The fluid grout- compressed air system was filled with the prepared grout with help of 
1150 
mm 
Load from hydraulic loading 
machine 
500 mm 
 Upper part  
of model tank 
Lower part 
of model tank 
Lower grout 
layer 
Upper grout layer 









Hole made   









submersed pump (Figure 5.27), and was connected to compressed air cylinder and 
jetting pipe. The required pressure inside fluid grout-compressed air system was 
maintained by using the compressed air cylinder. 
 
                                                                                   
                                                
 
 





                        
 
 
                          
 
                      
 
 
                                                                         
   
 





















Figure 5.26 A view showing model tank, jetting pipe, frame to hold jetting pipe, 
loading frame etc before start of jetting 
500 mm 
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of model tank 
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of model tank 
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Figure 5.27 Transferring of grout into grout-compressed air system by submerged 
pump 
 
At the beginning of jetting operation, the jetting pipe was set at predetermined 
rotational and lifting rate before discharge valve of fluid grout-compressed air system 
was opened. After getting specified rotational and lifting rate, the discharge valve was 
quickly open for grouting of the soil sample. The operation was continued for 
predetermined period of time to yield a grout thickness of 100mm. 
For next layer of grouting, the lower part of PVC pipe was further withdrawn 
for a distance of 200 mm. (Figure 5.28). The same procedure was repeated for upper 
layer of grouting.  
After grouting operation, the sludge generated during grouting was removed. 
The sludge generated during injection of grout can be seen in Figure 5.29 which 
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The grouted soil sample was left for one day for it to gain strength. After one 
day, model tank was removed from hydraulic loading machine and placed on floor 
(Figure 5.30). The different part of grouting model tank was dismantled and the 
geotextile placed around circumference of soil sample was removed (Figure 5.31). 
Then the grouted soil sample was equally divided into four segments (Figure 5.32) 
and each segment was removed to expose the grouted soil surface. Figure 5.33 shows 
the grouted soil after removal of surrounding untreated clay. Then, the grouted soil 
was cut to coincide with vertical soil face to measure the grouting distance (Figure 

























Figure 5.30 Shifting of model tank with grouted sample to floor 
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5.7 Test Program for Grouting Test 
Table 5.2 also lists the various grouting parameters such as withdrawal rate, 
rotational speed, injection pressure, nozzle diameters and other parameters such as 
shear strength of soil sample, viscosity of grout & overburden pressure used for 
grouting experiments. A total of 17 soil samples were prepared and tested. Test on 
sample S1 to S3 were used to study the effect of the withdrawal rate of jetting pipe on 
grouted column diameter. Test on S2 and S4 were used to study the rotational speed 
of jetting pipe. To study the effect of nozzle diameter on grouted column diameter, 
sample S4 to S9 were used. Test on sample S4, S5, S10, S11, S12 were used to study 
the effect of shear strength on grouted column diameter. Test on sample S4, S13 and 
S14 were used to study the effect of viscosity of grout (water-cement ratio) on grouted 
column diameter. A repeatability check on test results for same grouting parameters 
and soil shear strength was carried out using soil sample S15. Test on sample S16 and 
S17 were carried out to study the effect of overburden pressure on grouted column 























                                                                                                                                                                                                                                                                                       
CHAPTER 6 
 
Results and Discussions of Low Pressure Grouting Experiments 
 
6.1 Introduction 
 This chapter presents the laboratory test results and the discussions on the 
results obtained from low pressure grouting experiments. The chapter includes the 
observation made on physical form, vertical and horizontal profile of grouted soil 
column during exhumation of the treated soil. The effect on radius of grouted column 
due to various parameter of grouting, shear strength and overburden pressure were 
presented for performance evaluation of low pressure grouting technique. The test 
results of radius of the grouted column obtained from these tests were compared with 
the prediction by different models of jet grouting. A new model was proposed to 
predict the radius of grouted column based on the experimental data obtained in this 
low pressure grouting experiments. The diameter of grouted column was then 
predicted using this new model, and compared that with a field trial data of jet 
grouting. In addition to above, the strength of cored sample obtained from low 
pressure grouting experiment was determined and compared with strength of 
laboratory sample studied in Chapter 3 and 4.    
 
6.2 Experimental Observation-Format of Presentation of Results  
6.2.1 Physical Form of Grouted Soil Column 
 The geometry of vertical cross-section of grouted soil column was observed 
directly from the vertical soil faces revealed during the exhumation of the grouted 
sample. The boundary between grouted soil column and untreated soil can be 




identified easily due to different colours of grouted soil column and untreated soil 
(Figure 6.1). Generally, after conducting the grouting experiment, the grouted soil 
sample was left for 1 day curing to harden and develop colour change so that the 














 The shape of grouted soil on vertical section can also be seen in the same 
figure 6.1. Generally, it was found that grouting distance reduced slightly towards 
upper face of grouted soil. The vertical face of grouted soil at the end of grouting was 
observed to be approximately rounded. Here, the grouting distance is defined as the 
distance from circumference of injection hole to average circumference of grouted 
column. Figure 6.2 shows the grouting distance clearly. In addition, it was also 
observed that there was a thin strip of about 5 mm thick of grouted soil at the top of 




Rounded face  
Boundary between grouted 
soil and untreated soil   
Untreated soil 
Grouted soil 
Figure 6.1 Showing grouted soil layer and untreated soil 
 




compared to the main grouted soil column. Figure 6.3 depicts a view of exposed 
section through the grouted soil, which clearly shows a thin strip of lightly grouted 
soil. A big void between thin strip of lightly grouted soil and main grouted soils was 
also observed (Figure 6.3). This can be attributed to shrinkage of grouted soil during 












Figure 6.2 Section view of grouted sample showing grouting distance for lower 
level of grouting 
Untreated soil 
Grouting distance 
Injection hole face 
Untreated soil 
Grouted soil column 
Figure 6.3 Showing thin strip of lightly grouted soil above the main grouting 
layer (Sample S12) 
 
Thin strip of lightly grouted soil 
Big void between 
grouted soils 
Main grouting layer 




The photographs were taken at four sections equally spaced at 90
0
 apart. 
Figure 6.4 shows the plan of the sample and sections O-1, O-2, O-3 and O-4 equally 
spaced at 90
0
 apart. Further photographic records of the grouted soil with 
measurement of grouting distance on vertical soil faces for each sample are presented 









Figure 6.4 Plan of grouted soil showing the different sections for measurement of 
grouting distance 
 
6.2.2 Vertical Profile of Grouted Soil Column 
The shape of grouted soil was mapped to get a qualitative record of grouting 
distance for further evaluation. The shape of grouted soil was mapped by tracing the 
boundaries on photograph taken during exhumation. The measurement was made with 
reference to face of injection hole and the top surface of sample. After this, the shapes 
were transported into a rectangular co-ordinate system with an origin at the 
intersection between the face of injection hole and top surface of soil sample. The 
shape of grouted soil and grouting distance were measured at four sections (O-1, O-2, 
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Section O-1 
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Figure 6.5 (a) to (d) show some typical examples of the results of this mapping. 
The variations of shear strength of soil sample with depth were also plotted on the 
same figure 6.5. The shear strength at section O-1 and O-3 were determined only. For 
the section O-2 and O-4, the shear strength was assumed to be the same as section O-
1 and O-3 respectively due to time constraint. However, the shear strength would 
probably not be the same as assumed. Here Pi, Cu, dn, wr, rs and lg denote for injection 
pressure, undrained shear strength, nozzle diameter, withdrawal rate, rotational speed 
and grouting distance. 
A complete record of the shape of the grouting as observed during exhumation 
and grouting distance are given in Appendix C. It was noted that the grouting distance 
was measured from face of injection hole. The summary of all average grouting 
distance and average radius of grouted column are listed in Table 6.1. It was noted 
that deviation of individual value from average value was generally less than 15% 
which signified that the test results variation were acceptable. The discussion of 
various factors will be done in section 6.3. 
  
6.2.3 Plan Profile of Grouted Soil 
It is common practice in grouting industry that the radiuses of grouted soil 
column are compared for different operational parameters and shear strength of 
untreated soil. In this study, a similar approach was adopted. Plan profiles of grouted 
soil column observed in grouting experiments were drawn for comparison as can be 
seen in Figure 6.6. For each sample, radius of grouted soil column was computed by 
adding the radius of injection hole (24 mm) onto grouting distance. The radius of 
grouted soil was computed at four sections equally spaced at 90
0
 apart (O-1, O-2, O-3 
and O-4). It can be seen from figure 6.6 that radius of grouted column varied from 




section to section. The standard deviations of these four readings were found to be 11, 
9.4, 3.3 and 4.2 corresponding to injection pressure of 1, 1.5, 2 and 3 MPa 
respectively. It was also noted that maximum standard deviation of radius of grouted 
column was about 12% which signified that the test results variation were acceptable. 
This variation can be attributed to the accuracy in straightness of the jetting pipe 
which may result in relative displacement of nozzle position from center of sample. In 
addition to this, the different in shear strength from section to section of untreated soil 
sample may lead to change the radius of grouted soil column from section to section. 
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 Figure 6.5(a) Vertical profile of grouted soil for sample S5, Section O-1  
 
 Figure 6.5(b) Vertical profile of grouted soil for sample S5, Section O-2  
 
Upper Level Grouting 
Avg Cu = 13.46 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 127 mm 
Lower Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 100 mm 
 
 
Upper Level Grouting 
Avg Cu = 13.46 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 130 mm 
Lower Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 100 mm 
 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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Figure 6.5(c) Vertical profile of grouted soil for sample S5, Section O-3  
 
Figure 6.5(d) Vertical profile of grouted soil for sample S5, Section O-4  
 
Upper Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs= 10 rpm 
     lg = 133 mm 
  
Lower Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 98 mm 
 
Upper Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 123 mm 
Lower Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 93 mm   
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
 
              
















































 Avg. Grouting dis. lg from 
circumference of injection 
hole (mm) 
Radius of 
grouted Column, Rg 
Avg. (mm) Std. dev. 
S1 Upper 2.0 50 
 
20 16.6 1.5 1.5:1 20 55 79 4.0 
Lower 1.0 43 67 2.4 
S2 Upper 100 16.0 1.5 37 61 4.0 
Lower 1.0 31 55 2.7 
S3 Upper 200 16.4 1.5 28 52 2.0 
Lower 1.0 18 42 4.7 
S4 Upper 100 10 13.8 1.5 63 87 9.4 
Lower 1.0 54 78 11.9 
S5 Upper 14.0 3.0 128 152 3.3 
Lower 2.0 98 122 4.2 
S6 Upper 2.5 14.7 1.5 78 102 3.5 
Lower 1.0 61 85 2.9 
S7 Upper 15.5 3.0 155 179 8.0 
Lower 2.0 118 142 7.5 
S8 Upper 3.0 14.5 1.5 94 118 4.3 
Lower 1.0 75 99 5.2 
S9 Upper 15.7 2.5 146 170 3.8 
Lower 2.0 120 144 4.7 
S10 Upper 2.0 27.2 1.5 1.5:1 20 56 80 1.0 
Lower 1.0 46 70 3.5 
S11 Upper 24.2 3.0 103 127 5.5 
Lower 2.0 80 104 3.5 
S12 Upper 7.25 2.0 127 151 4.9 
Lower 1.0 86 110 5.8 
S13 Upper 14.4 1.5 2:1 10 79 103 6.7 
Lower 1.0 71 95 3.5 
S14 Upper 14.2 1.5 1:1 34 48 72 3.8 
Lower 1.0 34 58 1.7 
S15 Upper 15.6 1.5 1.5:1 20 64 88 4.1 
Lower 1.0 55 79 1.4 
S16 Upper 16.3 2.0 83 107 5.0 
Lower 1.0 53 77 2.8 
S17 Upper 14.1 2.0 91 115 4.5 
Lower 1.0 60 84 4.3 
1 
N is defined as the ratio of
 
kinematic viscosity of grout slurry to water 
 
225 













6.3  Experiment Observation-Comparison of Results  
6.3.1 Normalization of Results 
 For ease of discussion as well as showing the effect of various controlling 
parameters, one at a time, the main results of radius of grouted column were presented 
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Figure 6.6 Variation of radius of grouted column with injection pressure,  








a few key parameters (i.e. injection pressure, undrained shear strength, nozzle 
diameter and viscosity of grout) one at time. Hence, the following 5 normalized 
parameters were defined: 
1. Normalized radius 1 (effect of injection pressure) is defined as the average 
radius of grouted column Ravg (Pi, dn) normalized by Ravg (Pi= 1 MPa, dn) for 
the same nozzle diameter dn. The value of undrained shear strength (Cu) and 
viscosity ratio (N) are kept constant.  
2. Normalized radius 2 (effect of injection pressure) is defined as the average 
radius of grouted column Ravg (Pi, Cu) normalized by Ravg (Pi= 1 MPa, Cu) for 
the same shear strength Cu. The value of nozzle diameter (dn) and viscosity 
ratio (N) are kept constant. 
3. Normalized radius 3 (effect of shear strength) is defined as the average radius 
of grouted column Ravg (Pi, Cu) normalized by Ravg (Pi, Cu= 25.7 kPa) for the 
same injection pressure Pi. The value of nozzle diameter (dn) and viscosity 
ratio (N) are kept constant. 
4. Normalized radius 4 (effect of nozzle diameter) is defined as the average 
radius of grouted column Ravg (Pi, dn) normalized by Ravg (Pi, dn= 2 mm) for 
the same injection pressure Pi. The value of undrained shear strength (Cu) and 
viscosity ratio (N) are kept constant. 
5. Normalized radius 5 (effect of viscosity ratio (N)) is defined as the average 
radius of grouted column Ravg (Pi, N) normalized by Ravg (Pi, N= 34) for the 
same injection pressure Pi. The value of nozzle diameter (dn) and undrained 
shear strength (Cu) are kept constant 
 
 







































Rotational speed = 20 rpm
Avg. Shear strength = 16.3 kPa
Nozzle diameter = 2.0 mm
6.3.2 Effect of Withdrawal Rate of Jetting Pipe 
To study the effect of withdrawal rate of jetting pipe on average radius of 
grouted column, data from samples S1 to S3 were used. The withdrawal rate of jetting 
pipe varied from 50 mm/min to 200 mm/min while other parameters were kept 
constant (rotational speed = 20 rpm, nozzle diameter = 2.0 mm and undrained shear 
strength = 16.3  1 kPa). The injection pressure of 1.0 MPa and 1.5 MPa were used 
for lower and upper grouting level respectively for all these three samples.  
Figure 6.7 summarizes the average radius of grouted column as the function 
of the withdrawal rate of jetting pipe. The figure shows that there was clear trend of 
increasing average radius of grouted column with decrease in withdrawal rate of 
jetting pipe for each injection pressure (1.0 MPa and 1.5 MPa). It can be seen that 
when the withdrawal rate reduced from 200 mm/min to 100 mm/min, the relative 
increase in average radius of grouted column was about 30%, for both injection 












Figure 6.7 Effect of withdrawal rate on average radius of grouted column 
 




relative increase in average radius of grouted column was about 20% when 
withdrawal rate reduced from 200 mm/min to 100 mm/min (Stroud, 1992). Thus, it is 
clear that effect of withdrawal rate of jetting pipe in low pressure grouting was more 
than that of high pressure grouting in term of average radius of grouted column, thus 
making low pressure grouting more sensitive to withdrawal rate than that of jet 
grouting. For the case of withdrawal rate reduction from 200 mm/min to 50 
mm/min, the relative increase in radius of grouted column was found to be 55%.  
 
6.3.3 Effect of Rotational Speed of Jetting Pipe 
To study the effect of rotational speed of jetting pipe on radius of grouted 
column, data from samples S2 and S4 were used. The rotational speed of jetting pipe 
varied from 10 to 20 rpm while keeping the other parameters constant (withdrawal 
rate = 100 mm/min, nozzle diameter = 2.0 mm, and undrained shear strength = 15  1 
kPa). It was also required to conduct a grouting experiment at 5 rpm rotational speed 
for 100 mm/min withdrawal rate to compare the average radius of grouted column at 
5, 10 and 20 rpm rotational speed and to verify the suggestion given by Lunardi 
(1997). Lunardi (1997) suggestion was that typical value of rotational speed in range 
5 rpm to 15 rpm would be optimum for single fluid jet grouting. However, it was 
difficult to fabricate a thread of pitch 20 mm which could provide a rotational speed 
of 5 rpm at 100 mm/min withdrawal rate. Hence, in present study, grouting 
experiment was conducted only at 10 rpm and 20 rpm rotational speed of jetting pipe. 
The injection pressure of 1.0 MPa was used for lower grouting while injection 
pressure of 1.5 MPa was used for upper grouting for both samples. 
Figure 6.8 shows the effect of rotational speed of jetting pipe on average 
radius of grouted column. It can be seen that average radius of grouted column 



































Rotational Speed, rs (rpm)
Withdrawal rate = 100 mm/min
Nozzle diameter = 2.0 mm




varied inversely with rotational speed. The average radius of grouted column 
decreased by 40% when rotational speed increased from 10 rpm to 20 rpm at 100 
mm/min withdrawal rate of jetting pipe. Lunardi (1997) indicated that when rotational 
speeds are too high, the exposure time reduced and jet cutting of soil will be limited. 
This observation of Lunardi (1997) is consistent with the present experiment. Lunardi 
(1997) further observed that there is a lower limit for rotational speed below which 
“jet reflection” will occur i.e., the jet front will overlap with the pressurized slurry. 













Lunardi (1997) can be verified by conducting experiment at 5 rpm rotational speed 
and at 100 mm/min withdrawal rate. However, due to difficulty in fabrication of a 
thread of pitch 20 mm which provides a rotational speed of 5 rpm at 100 mm/min 
withdrawal rate as mentioned earlier. The experiment at that rotational speed and 
withdrawal rate was not conducted. However, based on present experiment and 
Figure 6.8 Effect of rotational speed on radius of grouted column  
 




experiment conducted by Ho (2006) as discussed in section 2.3.1.2, it can be inferred 
that 10 rpm will an optimum rotational speed that gives the maximum average radius 
of grouted column. 
Figure 6.9 shows the combined effect of rotational speed and withdrawal rate 
of jetting pipe on average radius of grouted column with other parameters kept 
constant (i.e. nozzle diameter = 2.0 mm and soil undrained shear strength = 15  1.2 



















(a) The average radius of grouted column of 100 mm/min withdrawal rate at 10 rpm 
rotational speed (point X) was compared with average radius of grouted column 
of 200 mm/min withdrawal rate at 20 rpm rotational speed (point Y). These two 
configurations are having 10 number of revolution for the same effective 
treatment depth of 100 mm thick. It was found that the average radius of grouted 
column decreased with increase in withdrawal rate and rotational speed with this 
constant revolution. This shows that the number of revolution is not the 
controlling factor to determine the cutting energy of jet in the soil.  
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(b) The average radius of grouted column of 100 mm/min withdrawal rate at 10 rpm 
rotational speed (point X) was compared with average radius of grouted column 
of 50 mm/min withdrawal rate at 20 rpm rotational speed (point Z). For this case, 
number of revolution was increased from 10 at point X to 40 at point Z. Both 
points are having the same effective treatment depth of 100 mm thick. For point X, 
the time taken is only 1 min. This having undergone only 10 revolutions. For point 
Z, it took 2 min to complete the 100 mm travel, thus complete within this 
treatment area. It was found that the average radius of grouted column decreased 
again even after 4 times increase in number of revolution. Thus it can be inferred 
that the average radius of grouted column did not depend on number of 
revolution or total treatment time and seems to be more controlled by rotational 
speed and withdrawal rate individually.   
 
6.3.4 Effect of Injection Pressure 
To study the effect of injection pressure on radius of grouted column, data 
from sample S4 to S12 were used. The injection pressure varied from 1.0 to 3.0 MPa 
while withdrawal rate of 100 mm/min and rotational speed of 10 rpm were kept 
constant for different nozzle diameter and shear strength. Figure 6.10(a) and (b) show 
the effect of injection pressure on radius of grouted column for different nozzle 
diameter and shear strength respectively. The figures show that the radius of grouted 
column varied linearly with injection pressure for different nozzle diameter and shear 
strength. Similar trend was also found by Ho (2005) from his experiment (Figure 
6.11). Further, there is a clear trend of increasing average radius of grouted column 
with increase in injection pressure for different shear strength and nozzle diameter as 
shown in Figure 6.12 (a) to (e). 














Nozzle diameter = 2.0 mm







































Avg. shear strength = 14.7 kPa




















































Figure 6.10 (b) Effect of injection pressure on radius of grouted column for 
different shear strength of soil sample, nozzle diameter = 2.0 mm 
  
 
Figure 6.10 (a) Effect of injection pressure on radius of grouted column for 
different nozzle diameter, average shear strength = 14.7 kPa 
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Experiment by Ho (2005) 










































Figure 6.13 compares the radius of grouted column when the injection 
pressure increased. The effect of radius increase can be expressed as a normalized 
radius which is the ratio of radius of grouted column at particular injection pressure 
(Ravg) to radius of grouted column at 1 MPa injection pressure. When injection 
pressure increased by 2 times from 1 MPa to 2 MPa, for soil sample with shear 
strength of 7.25 kPa, 14 kPa and 25.7 kPa, the normalized radius was found to be 
1.4to 1.5. Similarly, when the injection pressure increased by 3 times i.e. 1 MPa to 3 
MPa, for sample with shear strength of 14.0 and 25.7 kPa, the normalized radius of 




Figure 6.11 Effect of injection pressure on radius of grouted column   
compared with experimental results of Ho (2005) 
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Figure 6.12(a) Variation of radius of grouted column with injection pressure,  
nozzle diameter (dn) = 2.0 mm, shear strength = 14.5 kPa 
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Figure 6.12(b) Variation of radius of grouted column with injection pressure,  
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Figure 6.12(c) Variation of radius of grouted column with injection pressure,  
nozzle diameter (dn) = 3.0 mm, average shear strength =  16.0 kPa 
  
 




































Lower 1.0  
2.0 
 




26 4 Upper 1.5 


















Injection pressure (MPa) 
  
 
Avg. radius of grouted 
































Figure 6.12(d) Variation of radius of grouted column with injection pressure,  
nozzle diameter (dn) = 2.0 mm, average shear strength = 25.7 kPa 
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Figure 6.12(e) Variation of radius of grouted column with injection pressure,  
nozzle diameter (dn) = 2.0 mm, average shear strength = 7.25 kPa 
  
 























Furthermore, a plot between normalized radius 1 verses injection pressure 
(which is defined as injection pressure/(Pi = 1 MPa)) is presented in Figure 4.14. The 
figure shows the strong correlation between these two. Thus, the relationships 
obtained from normalized plot can be used in the field to evaluate the radius of 
grouted column corresponding to any specific injection pressure. It should be noted 
that this normalized relationship is valid for nozzle diameter of 2 to 3 mm, shear 
strength of 14.7 kPa and viscosity ratio (N) of 20. Similarly, a plot between 
normalized radius 2 verses injection pressure (which is defined as injection 
pressure/(Pi = 1 MPa)) is presented in Figure 4.15. Thus, the relationship can be used 
in the field to evaluate the radius of grouted column corresponding to any specific 
injection pressure. It should be noted that this normalized relationship is valid for 
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Figure 6.13 Normalized radius increase of grouted column with increasing injection pressure 
  
 

































Figure 6.15 Radius of grouted column, Ravg(Pi, Cu)  normalized with Ravg(Pi= 1 MPa, Cu ) 
 
Figure 6.14 Radius of grouted column, Ravg(Pi, dn)  normalized with Ravg(Pi = 1 MPa, dn) 
 









0 1 2 3 4
Pi Normalized with Pi = 1 MPa 
Nozzle diameter dn = 2, 2.5 & 3 mm
Shear strength Cu = 14 kPa


























































Nozzle diameter dn = 2, 2.5 & 3 mm 
Shear strength Cu = 14 kPa 
Viscosity ratio (N) = 20 
Overburden pressure = 5 kPa 









0 1 2 3 4
Pi Normalized with Pi = 1MPa 
Average shear strength = 7.25, 14 and 25.7 kPa
Nozzle diameter dn= 2 mm
Viscosity ratio(N) = 20































Shear strength Cu = 7.25, 14 and 25.7 kPa  
Nozzle diameter dn = 2  
Visco ity ratio (N)  
Overbu den pressure =  kPa 
 




6.3.5 Effect of Shear Strength 
To study the effect of shear strength on radius of grouted column, data from 
samples S4 & S5, S10 & S11 and S12 were used. The shear strengths varied from 
about 7.25 to 25.7 kPa while withdrawal rate of 100 mm/min and rotational speed of 
10 rpm were kept constant. Figure 6.16 shows the effect of shear strength on radius of 
grouted column for nozzle diameter of 2.0 mm. It can be seen from the figure that the 
radius of grouted column varied inversely with shear strength, the relationship being 
highly non-linear. Larger effect can be observed when comparing test with lower 
shear strength (i.e. for 7.25 kPa to14.0 kPa). However, this effect was diminishing as 
shear strength increased (i.e. for 14 kPa to 25.7 kPa).  
Figure 6.17 compares the normalized average radius of grouted column for 
these tests, normalized with average shear strength of 14.0 kPa. For injection pressure 
= 1.0 MPa, the change in radius of grouted column was +41.0% for shear strength of 





































































Figure 6.16 Effect of shear strength on radius of grouted column (nozzle diameter = 2.0 mm) 















of grouted column was +27.0 % for shear strength of 7.25 kPa and -13.0 % for shear 
strength of 25.7 kPa.   
 A plot between normalized radius 3 verses shear strength of clay (which is 
defined as shear strength/(Cu = 25.7 kPa)) is presented in Figure 6.18. The figure 
shows the strong correlation between these two. Thus, the relationships obtained from 
normalized plot can be used in the field to evaluate the radius of grouted column 
corresponding to any specific shear strength. It should be noted that this normalized 
relationship is valid for injection pressure of 1 to 3 MPa, nozzle diameter of 2 mm and 











































































6.3.6 Effect of Nozzle Diameter 
To study the effect of nozzle diameter on radius of grouted column, data from 
samples S4 to S9 were used. The injection pressures varied from 1.0 to 3.0 MPa while 
withdrawal rate of 100 mm/min and rotational speed of 10 rpm were kept constant. 
Figure 6.19 shows the effect of nozzle diameter on radius of grouted column for shear 
strength of 14.0 kPa. It can be seen from the figure that the radius of grouted column 
varies linearly with nozzle diameter for different injection pressure.  
Figure 6.20 compared the efficiency of radius of grouted column when the 
nozzle diameter increased. This effect on radius of grouted column was expressed as a 
normalized radius which is ratio of radius of grouted column (Ravg) to radius of 
grouted column with 2 mm nozzle diameter. When nozzle diameter increased from 
Figure 6.18 Radius of grouted column, Ravg (Cu, Pi) normalized with Ravg (Cu = 25.7 kPa, Pi) 
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2.0 mm to 2.5 mm, the relative increase in radius of grouted column was 13% to 18%. 
Similarly, when the nozzle diameter increased from 2.0 mm to 3.0 mm, the relative 
increase in radius of grouted column was 25% to 35%. This implies that radius of 
grouted column is not only a function of injection pressure, but also the diameter of 
nozzle. Hence, in low pressure grouting, larger radius of grouted column can be 














A plot between normalized radius 4 verses nozzle diameter (which is defined 
as nozzle diameter/(dn = 2 mm)) is presented in Figure 6.21. This strong correlated 
parameter relationships obtained from normalized plot can be used in the field to 
evaluate the radius of grouted column corresponding to any specific nozzle diameter. 
It should be noted that this normalized relationship is valid for injection pressure of 1 




























































Figure 6.19 Effect of nozzle diameter on radius of grouted column (Shear strength = 14 kPa) 
  
 





























Figure 6.20 Normalized radius increase of grouted column with nozzle diameter 
  
 
Figure 6.21 Radius of grouted column, Ravg(dn, Pi)  normalized with Ravg(dn = 2 mm, Pi) 
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6.3.7 Effect of Viscosity of Grout 
To study the effect of viscosity of grout slurry on radius of grouted column, 
data from sample S4, S13 and S14 were used. The grouting experiment was 
conducted with varying grout slurry viscosity for injection pressure of 1.0 MPa and 
1.5 MPa. The other parameter such as nozzle diameter of 2.0 mm, shear strength of 
14.1 kPa, withdrawal rate of 100 mm/min and rotational speed of 10 rpm were kept 
constant. Figure 6.22 shows the effect of viscosity of grout slurry on radius of grouted 
column. It can be seen from the figure that the radius of grouted column varied 
inversely with viscosity of grout slurry. The viscosity of grout slurry depends upon 
water-cement ratio of grout which can be seen in Figure 6.23. The figure shows that 
the relative viscosity of grout slurry were 34, 20 and 10 corresponding to 1:1, 1.5: 1 
and 2:1 water-cement ratio (Huang et al., 2003). In present study, cement and copper 
slag (fine gradation) were used as the binder. Due to lack of data for viscosity of 
copper slag-cement grout, viscosity of cement grout was used. However, copper slag 
(fine gradation) is only limited to 10% in present grout slurry. Hence, its effect on 
viscosity may not be significant. 
Figure 6.24 shows the effect on radius of grouted column when water-binder 
ratio increased. The relative increase in radius of grouted column was expressed as a 
ratio of radius of grouted column to radius of grouted column with 1: 1 water to 
binder ratio. When water to binder ratio increased from 1: 1 to 1.5: 1, the relative 
increase in radius of grouted column was 20% to 30%. Similarly, when water to 
binder ratio increased from 1: 1 to 2: 1, the relative increase in radius of grouted 
column was 50% to 60%. This implies that radius of grouted column is not only a  




function of injection pressure and nozzle diameter, but also the water to binder ratio. 
Hence, in low pressure grouting, larger radius of grouted column can also be achieved 
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Figure 6.23 Effect on relative viscosity of grout due to water-cement ratio  
 (After Huang et al., 2003) 
 
 
















A plot between normalized radius 5 verses viscosity ratio (which is defined as 
viscosity ratio/(N = 34)) is presented in Figure 6.25. The figure shows the strong 
correlation between these two. Thus, the relationships obtained from normalized plot 
can be used in the field to evaluate the radius of grouted column corresponding to any 
specific viscosity ratio. It should be noted that this normalized relationship is valid for 
injection pressure of 1 to 2 MPa, nozzle diameter of 2 mm and shear strength of 14.1 
kPa. 
 
6.3.8 Effect of Overburden Pressure 
To study the effect of overburden pressure on radius of grouted column, data 
from samples S4, S16 and S17 were used. The grouting experiment was conducted 
with 60 kPa and 120 kPa overburden pressure for injection pressure of 1.0 MPa and  
 



































2.0 MPa. The other parameter such as nozzle diameter, shear strength of sample, 
withdrawal rate and rotational speed were kept to be constant.  
Figure 6.26 shows the effect of overburden pressure on radius of grouted 
column. It can be seen from the figure that the radius of grouted column was almost 
constant with different overburden pressure. Overburden pressures were applied and 
the grouting experiment was done immediately. Thus, the radius of grouted column 
was obtained with overburden pressure under undrained condition.  
Due to time constrain, samples were not consolidated under overburden 
pressure and thus, overburden pressure did not have sufficient time to develop into 
effective pressure. It is planned to conduct grouting experiment and studied the effect 
of overburden pressure when overburden pressure changed to effective stress. 
 
 
Figure 6.25 Radius of grouted column, Ravg (N, Pi) normalized with Ravg (N= 34, Pi) 
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6.3.9 Test Repeatability 
Grouting experiment on sample S15 with average shear strength of 15.6 kPa 
was conducted to evaluate the repeatability of grouting test as this is the same 
configuration of S4 test.  For this, the radius of grouted column of sample S15 was 
compared with radius of grouted column of sample S4 of average shear strength of 
13.8 kPa when using the same set of operational parameters for both samples. The 
operational parameter such as rotational speed = 10 rpm, withdrawal rate = 100 
mm/min with 2 mm nozzle diameter were kept to be same for both sample. The 
injection pressure of 1.0 MPa was used for lower grouting while 1.5 MPa was used 























































Figure 6.26 Effect on radius of grouted column with overburden pressure   
  
 




A view of exhumed grouting can be seen in the Figure 6.27 and 6.28, which 
show that the grouting distances were almost similar for both sample S4 and S15. 
Figures 6.29 and 6.30 show average radius of grouted column of sample S4 and S15 
for upper and lower grouting level respectively. It can be seen from figure that radius 
of grouted column of sample S4 and S15 were almost similar for corresponding level 
of grouting. Further, it can be seen from figure that radius of grouted column varied 
from section to section. This can be attributed to the accuracy in straightness of jetting 
pipe which may result in relative displacement of nozzle position from centre of 









































































Figure 6.27(b) View of lower grout layer for sample S4, section: O-4 
 
Figure 6.27(a) View of upper grout layer for sample S4, section: O-3 
 






















































 69 mm 
Figure 6.28(a) View of upper grout layer for sample S15, section: O-3 
 
 54 mm 
Figure 6.28(b) View of lower grout layer for sample S15, section: O-4 
 









































































Injection pressure  
  
 







for Sample S4  
for Sample S15  
Figure 6.29 Plan profile of grouted column exhumed in sample S4 and S15 for 
upper level grouting 
 
 








































































Injection pressure  
  
 







for Sample S4  
for Sample S15  
Figure 6.30 Plan profile of grouted column exhumed in sample S4 and S15 for 
upper lower grouting 
 
 




6.4    Comparison of Experimental Results with Different Models  
6.4.1 Maximum Radius of Grouted Column by Ho (2005)  
Ho (2005) evaluated the maximum radius of grouted column analytically and 
experimentally. The following hypotheses were made in his analysis: 
(1) The jetting fluid velocity profile is similarly shaped in each cross-section along 








xr                   (6.1)  
where xrv  is the velocity at a point of coordinates x and r (Figure 2.48,   
reproduced as Figure 6.31), and 




















(2) The momentum of the jet in each cross-section is remained constant along jet axis. 







dl 25.6                  (6.2)
                 
lj is ultimate cutting distance or grouting distance, here ultimate 
cutting distance or grouting distance is defined as maximum distance 
of the jet tip relative to the nozzle exit, 
         Pi is injection pressure, 
         dn is diameter of nozzle, and  
  qbu is the ultimate bearing capacity of soil = NcCu.                         
In this experiment, the diameter of injection hole was 114 mm, hence, putting Rmax(j) 
is maximum radius of grouted column as 57)max( jj lR and ubu Cq 4.2  from 
laboratory experiment conducted by Ho (2005) in the above equation, the following 












                                                                          (6.3)                                                                             
The detail derivation of the above equation is given in Chapter 2. 
Figure 6.32 shows a plot of equation (6.3) as discussed above. It is a 





 from the data 






















The average values of radiuses of grouted column in each grouting 
experiments as well as the standard deviation are presented in table to indicate the 
statistical spread of the test results.  It can be seen from figure that there is clear linear 





. This shows that, for a given nozzle diameter, 
the radius of grouted column is governed by the relative magnitude of applied 
injection pressure to the shear strength of soil.  
The linear regression analysis through the data of low pressure grouting test 
gives 
                              (6.4) 
            with a coefficient of correlation, r
2
 = 0.76. 
Rj/dn = 4.7 (Pi/Cu)
0.5
  
Model of Ho (2005)  






































Figure 6.32 Comparison of experimental data with model of Ho (2005) 
 
 




Thus, it can be seen from equation 6.4 that present experimental data fitted well with 
model of Ho (2005) but with different gradient of a coefficient of correlation r
2
 = 0.76. 
The coefficient of correlation obtained here was considered quite adequate due to 
complexity of problems. One of the important factors could be the viscosity of jetting 
fluid, which was not considered in Ho (2005) model as well as no withdrawal in Ho’s 
model. However, the present experimental results showed that radius of grouted 
column decreased with increase in viscosity of grout as discussed in section 6.3.7.  
   Modoni et al. (2006) also found from his analytical study that maximum 
radius of grouted column depends on viscosity of grout which will be discussed in 
next section. Hence, it can be expected that a better prediction of radius of grouted 
column by Modoni et al. (2006) than that of model of Ho (2005) can be obtained after 
including the viscosity effect. 
 The comparison of above equation 6.3 and 6.4 show that the equation given by 
Ho (2005) predicts about 20% higher radius of grouted column than that of present 
experimental study. This can be attributed to non consideration of the effect of (i) 
withdrawal rate of jetting pipe (ii) viscosity of grout. In the field, grouting is done 
with some value of withdrawal rate of jetting pipe. It is well known and also, present 
study showed that radius of grouted column decreased with increase in withdrawal 
rate. So, the present grouting experiments considered the effect of withdrawal rate and 
rotational speed to evaluate the radius of grouted column. However, Ho (2005) 
evaluated experimentally the radius of grouted column when jetting pipe was not 
lifting (withdrawal rate = 0 mm/min) which led to over prediction of the radius of 
grouted column.  
 Viscosity of grout was also not considered in the model of Ho (2005) as 
discussed before. However, in the field, different viscosity of grout (water to cement 




ratio) were used. The present grouting experimental studies used the kinematic 
viscosity of grout with respect to water that varied from 10 to 34. The most of the 
present experimental studies was done by using the grout of the kinematic viscosity of 
grout with respect to water of 20. Ho (2005) used sodium silicate grout of the 
kinematic viscosity ratio of grout to water that was 13.5 which was lower than that of 
kinematic viscosity ratio of grout to water of present study. Hence, the combined 
effect of non consideration of withdrawal rate and viscosity of grout led to over 
prediction of the radius of grouted column by the model of Ho (2005).  
 
6.4.2 Maximum Radius of Grouted Column by Modoni et al. (2006) 
Modoni et al. (2006) developed a model based on his analytical studies to 
evaluate the maximum radius of grouted column in single fluid grouting for clayey 
soil. In the analysis, apart from Ho (2005) hypotheses, one more hypothesis was made 
which considered the effect of viscosity of grout. The hypothesis is given below:  
The fluid viscosity is proportional to the fluctuation velocity component 
normal to the x-axis, which is proportional to the differences (min)xrxc vv  in each 
cross-section ( (min)xrv  is always equal to 0), and to the mixing length assumed by 
Prandtl (1942, as reported by Hinze, 1948) as proportional to the current value of jet 
diameter. 
 Based on the above hypothesis in addition to the hypothesis made by Ho 
(2005), the following relationship was derived for evaluation of maximum radius of 
grouted column: 







max                                    (6.5) 
        where N is turbulent kinematic viscosity ratio of injected fluid and water, 




            is constant depending on nozzle shape, 
                    dn is nozzle diameter, 
       c  and C is constant evaluated by experiments, 
                    Pi  is injection pressure, and  
          Cu is undraind shear strength of clay. 
Substituting the following value of constant in the above equation 6.5,  
(a) 16, the value of was evaluated by performing specific experiments adopting 
various nozzle size. Modoni et al. (2006) evaluated the value of by comparing 
equation 2.2 given in section 2.3.4 with the experiment data published by de 








= 0.5 assumed value. 
(c) 36.0c  from laboratory test conducted by Dabbagh et al. (2002). 
Thus the expression can be rewritten as  










                                                                         (6.6) 
The detail derivation of the above equation is given in Chapter 2. 
The Figure 6.33 shows a plot of model of Modoni (2006) as discussed above 





 from the data 
obtained from low pressure grouting experiments of sample S4 to S14 (Table 6.1). It 






. This shows that, for a given nozzle diameter, the radius of grouted 
column was proportional to the relative magnitude of applied injection pressure to the 
 
















undrained shear strength of soil and inversely proportional to relative viscosity ratio 
of grout to water. The linear regression analysis through the data gives 










                                                               (6.7) 
with a coefficient of correlation, r
2
 = 0.77. 
Thus, it can be seen from equation 6.7 that present experimental data fitted well with 
model of Modoni et al. (2006) but different gradient (lower gradient). The coefficient 
of correlation (r
2
) was found almost similar to without considering the effect of 
viscosity of grout (Model of Ho (2005)). It should be noted that only two experiments 
was conducted with different viscosity of grout. Hence, the coefficient of correlation 
did not change much with these two data. Further, effect of non consideration of 
withdrawal rate led to over prediction of the radius of grouted column by model of 








































 = 0.76 










Figure 6.33 Comparison of experimental data with model of Modani et al. (2006) 
 
 




6.5 Formulation of New Model for Low Pressure Grouting 
For formulation of new model, various possible relationships among Rj, dn, Pi, 
Cu and N were developed thought linear regression analysis by using low pressure 
grouting experimental data. Figures 34 (a) to (j) shows the various possible 
relationships among the parameters with different correlation coefficient (r
2
). The 
relationship among these parameters is also presented in Table 6.2. It can be seen 
from these figures and Table 6.2 that the maximum coefficient of correlation was 






















. Hence, these 
relationships are proposed as a new model to provide the prediction of radius of 
grouted column for 100 mm/min withdrawal rate and 10 rpm rotational speed. The 
relationship for predicting radius of grouted column for 50 mm withdrawal rate & 20 
rpm rotational speed and 200 mm withdrawal rate & 20 rpm rotational speed were 
also developed and presented in Figure 6.35(a) and (b) together with 100 mm 
withdrawal rate & 10 rpm rotational speed. Thus, these relationships presented here 
can provide an improved prediction of radius of grouted column than that of model by 
Ho (2005) and Modoni et al. (2006). This is because the present model is based on 
experimental results that take into account the effect of withdrawal rate and viscosity 
of grout slurry. However, in the model of Modoni et al. (2006), the effect of 
withdrawal rate was not considered, and in the model of Ho (2005), both the effect of 





















































Figure 6.34 (a) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
0.25 
from experimental data  
 
 
Figure 6.34 (b) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
0.33 




















































































































































Figure 6.34 (c) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
0.5 
from experimental data  
 
 
Figure 6.34 (d) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
0.75 





















































































































































Figure 6.34 (e) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
 
from experimental data  
 
 




























































































































































from experimental data  
 
 































































































































































from experimental data  
 
 












































































































































































































































































































































































































 for wr =100 mm/min, rs = 10 rpm 
 
 
Figure 6.35 (a) Normalized plot of radius of grouted column Rj/dn verses (Pi/Cu)/(N)
0.5 















for wr =50 mm/min, rs= 20 rpm 
 
 







































for wr =50 mm/min,  














for wr =200 mm/min,  
rs = 20 rpm 
 
 




from experimental data  
 
 




 6.6 Comparison with field data  
6.6.1 Effect of Withdrawal Rate 
Low pressure grouting experiment data of different withdrawal rate were 
compared with that of field trial of jet grouting. Figure 6.36 shows comparison of 
average diameter of grouted column with withdrawal rate obtained from present 









. Where Dj is 
diameter of grouted column; dn is nozzle diameter; Cu is undraind shear strength of 
soil; and Pi is injection pressure. Many field trials of jet grouting have been published 
in the literature. However, in most of the cases, the data were incomplete and were not 
useful for the purpose of comparison. Some case histories have been identified (Davie 
et al. 2003, Dazccer & Golkap 2003 and Samano et al. 1999), which contain sufficient 
information with regards to withdrawal rate, rotational speed, injection pressure, soil 









































Case history data by
■  Davie et al. (2003)
    Samano et al. (1999)
Duzceer and Golkap (2003)
Laboratory test
Avg. Cu = 15.7 kPa
Rotational speed (rpm) 
 20  
10 
20 





























The data collected includes 30 trial column in stiff slightly gravelly and sandy 
clay (Ip = 40 to 60 %) with Cu = 65 kPa (Davie et al. 2003), four trial columns in soft 
silty clay and stiff clay with Cu = 25 kPa (Duzceer and Golkap 2003) and two trial 
columns in very soft highly plastic clay (w = 200 to 400 %) with Cu = 8 to 12 kPa 
(Samano et al. 1999).  In all the cases, the top 2.5 to 6 m of the columns was exhumed 
to measure the diameters of grouted column achieved. The diameters reported were 
the average values for each column. The trials of Davie et al. (2003) reported here 
involves a single stage of pre-cutting. The trials of Duzceer and Golkap (2003) and 
Samano et al. (1999) were conducted without pre-cutting. In the present experiment, 
single nozzle was used for grouting. However, in the trials, either two or three nozzles 
were used with diameter ranging from 1.8 to 2.4 mm. Hence, for comparison with 
laboratory test data, the diameters of nozzle of field trial were converted into 
equivalent nozzle diameter. This was done by equating the area of cross-section of 
two or more nozzle into area of cross-section of a single large diameter nozzle. The 
field trial and experimental data are tabulated in Table 6.3 and 6.4 respectively. 
 The curve obtained from experimental data is lower than corresponding to 
field trial curve (high pressure jet grouting) (Figure 6.35). It was noted that precutting 
of soil has been done before actual jet grouting passes at field trial. It can be explained 
by the fact that precutting causes churning and remolding of soil that reduces the 
shear strength of soil resulting in increase in column diameter. In addition to this, 
some of soil in the field trial was reported to contain course particle (sand and gravel) 
that also cause large increase in column diameter. Hence, due to combined effect of 
precutting of soil and presence of coarse particles in the soil, larger diameter was 
achieved in field trial than that of laboratory experiment. Thus, the field trial curve 
was found to be higher than present laboratory experimental curve.  




Table 6.3(a) Jet grouting field trial data (after Davie et al. 2003) 
Rotational speed = 20 rpm, Precutting before passes of jet grouting 
 
Table 6.3(b) Jet grouting field trial data (Duzccer and Golkap, 2003) 





Nozzle  Equivalent 
nozzle   







soil, Cu (kPa) 
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         65 
653 8.84 
250 50 666 9.37 
250 55 684 9.26 
350 50 468 6.64 
350 55 549 7.43 
250 50 605 8.59 
250 55 573 7.76 
350 50 525 7.45 
350 55 573 7.76 
300 47.5 565 8.23 
350 50 565 8.02 
400 55 541 7.32 
350 52 605 8.42 
300 50 588 8.35 
275 50 614 8.72 
275 50 468 6.64 
350 50 528 7.50 
300 50 509 7.23 
275 50 557 7.91 
300 50 512 7.27 
275 50 530 7.52 
275 50 493 7.00 
350 50 533 7.57 
300 50 568 8.06 
275 50 547 7.76 
350 50 482 6.84 
350 50 471 6.69 
400 50 563 7.99 
400 50 560 7.95 
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Table 6.3(c) Jet grouting field trial data (Samano et al. 1999) 
Rotational speed = 30 rpm and 20 rpm for 500 mm/min and 300 mm/min respectively                         
No precutting before passes of jet grouting 
 
Table 6.4 Present experimental data for studying withdrawal rate and rotational speed 
of jetting pipe  
 
 
6.6.2 Effect of Rotational Speed 
Low pressure grouting experiment data of different rotational speed were 
compared with that of field trial data of jet grouting. Figure 6.37 shows comparison of 
average diameter of grouted column with rotational speed obtained from laboratory 
experiment and field trial in non-dimensional form. The field trial data are given in 
Table 6.5. The present experimental data are given in the same Table 6.4. It was noted 
that the withdrawal rate of jetting pipe varied from 300 to 500 mm/min for the field 
trial data used here. Figure 6.37 shows that grouted average column diameter 
decreased when rotational speed of jetting pipe was increased from 20 to 30 rpm for 
field trial and 10 to 20 rpm for laboratory experiment. The curve obtained from 
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100 1.5 0.123 6.47 
50 1.5 0.158 8.31 
200 1.0 0.085 5.48 
100 1.0 0.111 7.15 
50 1.0 0.138 8.89 
100 10 
 
3.0 0.294 5.44 
100 2.0 0.244 6.47 
2.0 




grouting) at 20 rpm rotational speed even the withdrawal rate of field trial data was 
higher than that of experimental data. It can be attributed to effect of precutting before 














Table 6.5 Jet grouting field trial data to study the rotational speed of jetting pipe 
 
1& 3
No precutting before passes of jet grouting 
2
Precutting before passes of jet grouting 
 

























et al. (2003) 
20 2 2 2.82 550 50 
 
550 6.21 
20 2 2.2 3.11 600 600 6.10 
2
Davie et al. 
(2003) 
20 2 1.8 
 
2.54 500 65 455 6.46 
20 2 471 6.77 
20 2 482 6.84 
20 2 509 7.23 
3
Samano et al. 
 (1999) 
30 3 2 3.46 460 12 
 
1030 4.81 
30 3 240 840 5.43 































Widrawal rate = 100 mm/min




















Figure 6.37 Effect of withdrawal rate on grouting distance in non-dimensional form 
 


































Injection pressure = 3 to 5 MPa
Shear strength = 7 to 25 kPa
Nozzle diameter = 2.5 and 3.0 mm, number = 1
Waret to binder ratio = 2:1
Withdrawal rate = 100 mm/min
Rotational speed = 10 rpm
Injection pressure = 47 to 55 Mpa
Shear strength = 20 to 65 kPa
Nozzle diameter = 1.8 and 2.2 mm, number = 2
Waret to binder ratio = 1.25:1
Withdrawal rate = 250 to 460 mm/min
Rotational speed = 20 rpm
Diameter of grouted 
column = 450 to 900 mm
Diameter of grouted 
column = 500 to 700 mm
Data from present 
Experimental model
Field trial data
6.6.3 Diameter of Grouted Column 
The diameter of grouted column was predicted by proposed model for low 
injection pressure and compared with that of field trial of jet grouting. The Figure 
6.38 shows the comparison of data from proposed model with field trial data. The 
field trials were used from the Table 6.3(a) and 6.3(b). It can be seen from the figure 
that in low pressure (3 MPa to 5 MPa), diameter of grouted column can be achieved 
in the lower range of diameter of jet grouting (47 to 55 MPa) but this is still 











Figure 6.38 Comparison of data from present experimental model with field trial data 
 
grouting, the shear strength varied from about 7 kPa to 25 kPa; Nozzle diameter and 
number of nozzle used were 2.5 & 3 mm and 1 respectively; Water to binder ratio used 
was 2:1; and withdrawal rate & rotational speed used were 100 mm/min and 10 rpm 
respectively. On the other hand, in field trial (jet grouting), the shear strength varied 
from about 20 to 65 kPa; Nozzle diameter and number of nozzle used were 1.8 mm & 
2.2 mm and 2 respectively; Water to binder ratio used were 1:1 & 1.25; and 




withdrawal rate varied from 250 to 460 mm/min & rotational speed used were 20 rpm. 
In low pressure grouting, withdrawal rate & rotational speed used were 100 mm/min 
and 10, for grouting. However, the withdrawal rate can be increased by increasing the 
number of nozzle and thus, performance of grouting can be improved. This can be 
attributed to fact that the high flow rate of grout by increasing number of nozzle 
increases the radius of grouted column. 
 
6.7 Strength of Cored Sample 
Unconfined compressive strength (UCS) of cored samples obtained from low 
pressure grouting experiment was determined and compared with strength of 
laboratory sample studied in Chapter 3 and 4. After grouting test, pieces of grouted 
column were cured for 28 days and trimmed in sample size of 50 mm in diameter and 
100 mm in height for unconfined compressive strength test (Figure 6.39). The 
samples were tested similar to UCS test described in Chapter 3.  
Figure 6.40 shows the strength of cored sample along with strength of 
laboratory samples. It was found that strength of cored sample was almost similar to 
laboratory test sample prepared in Hobart mixer. The components of cored sample 
used were within the range of water content, apparent cement content and apparent 
copper slag (fine gradation) content studied in Chapter 3 and 4 (water content: 92.1%, 
apparent cement content ≈ 49.2% and apparent copper slag (fine gradation) content ≈ 
5.47%). The calculation of component of cored sample is given in Table 5.4 of 
Chapter 5.  Thus it can be concluded that strength of grouted column can be achieved 
in the range of laboratory sample if apparent copper slag content, apparent cement 
content and water content of grouted column are kept to be the same to laboratory 
sample. 









































































Apparent Copper Slag (original gradation) Content 
Apparent Copper Slag (fine gradation) Content 
0.0 3.3 6.7 10.0 13.3 
Cored test result of Chapter 5 and 6 
Unconfined compressive strength = 1300 kPa 
Apparent cement content = 49.2% 
Apparent copper slag (fine gradation) = 5.47% 
Water content = 92.14% 
  




6.8     Concluding Remarks 
6.8.1 Effect of various parameters (grouting parameters, shear strength and 
overburden pressure) on Radius of grouted Column  
 
In this part of study, performance of low pressure grouting technique was 
evaluated. The radius of grouted column was taken as the key parameter for 
performance evaluation. This was done by studying the effect on radius of grouted 
column due to various parameters. They are mainly withdrawal rate, injection 
pressure, nozzle diameter, viscosity ratio, shear strength and overburden pressure.  
To study the effect of withdrawal rate, the injection pressure varied from 1.0 
MPa to 1.5 MPa. The average radius of grouted column was found to be increased 
with decrease in withdrawal rate of jetting pipe. The relative increase in the average 
radius of grouted column was found to be 30% for decrease in withdrawal rate from 
200 mm/min to 100 mm/min. This relative increase in radius of grouted column 
was higher than that of jet grouting for change in the similar range of withdrawal rate. 
Thus, it was stated that low pressure grouting was more sensitive to withdrawal rate 
than that of jet grouting. 
To study the effect of injection pressure, the injection pressure varied from 1.0 
MPa to 3.0 MPa. It was found that the radius of grouted column varied linearly with 
injection pressure. When injection pressure increased by 2 times (1 MPa to 2 MPa), 
the normalized radius was found to be 1.4 to 1.5. Similarly, to study the effect of 
nozzle diameter on radius of grouted column, the nozzle diameters varied from 2.0 to 
3.0 mm. It was found that the radius of grouted column varied linearly with nozzle 
diameter. When nozzle diameter increased by 1.5 times (2 mm to 3 mm), the relative 
increase in radius of grouted column was found to be increased by about 40%. 
Furthermore, to study the effect of viscosity ratio on radius of grouted column, 
viscosity ratio (N) varied from 10 to 34. It was found that the radius of grouted 




column varied inversely with water cement-ratio (i.e. viscosity ratio (N)). This 
implied that radius of grouted column was not only a function of injection pressure, 
but also the nozzle diameter and viscosity ratio (water-cement-ratio). Thus it was 
stated that larger radius of grouted column can be achieved not only by increasing 
injection pressure but also by increasing nozzle diameter or decreasing viscosity ratio. 
To study the effect of shear strength on radius of grouted column, the shear 
strengths varied from about 7 to 25 kPa. It was found that the radius of grouted 
column varied inversely with shear strength, the relationship being highly non-linear. 
Larger effect was observed when comparing test with lower shear strength (i.e. for 7 
kPa to14 kPa). However, this effect was diminishing as shear strength increased (i.e. 
for 14 kPa to 25 kPa). 
To study the effect of overburden pressure on radius of grouted column, the 
grouting experiment was conducted with overburden pressure of 60 kPa and 120 kPa. 
It was found from test results that the radius of grouted column was almost constant 
with different overburden pressure. It should be noted that overburden pressures were 
applied and the grouting experiment was done immediately. Thus, the radius of 
grouted column was obtained with overburden pressure under undained condition. 
Furthermore, the main results of radius of grouted column were also presented 
in normalized form. This radius of grouted column was normalized by “Standard 
baseline value” of a few key parameters (i.e. injection pressure, undrained shear 
strength, nozzle diameter and viscosity ratio) one at time. Various plots between 
normalized radius (normalized radius 1 to 5) verses key parameters, one at time were 
drawn and found a strong correlation between these two variables. Thus, it was stated 
that the relationships obtained from normalized plot can be used in the actual field 
condition to evaluate the radius of grouted column. 




6.8.2 Comparison of Experimental Results with Different Models, and 
Formulation of New Model 
    
The present experimental data were compared with different models of jet 
grouting and subsequently, a new model was formulated by using experimental data. 
It was found that the experimental data fitted well with proposed model by Ho (2005) 
and Modoni et al. (2006) but with lower gradient. It was noted that this was because 
of the model of Ho (2005) did not consider the effect of viscosity of grout and 
withdrawal rate of jetting pipe, and model of Modoni et al. (2006) did not considered 
the effect of withdrawal rate of jetting pipe.  
Various possible relationships among Rj, dn, Pi, Cu and N were developed 
thought linear regression analysis by using low pressure grouting experimental data. It 
was found that the maximum correlation coefficient (r
2























 for 100 mm/min 
withdrawal rate and 10 rpm rotational speed. Hence, these relationships were 
proposed as a new model which includes the effect of withdrawal rate and viscosity of 
grout slurry. Thus it was conculded that this new model can provide a fairly accurate 
prediction of radius of grouted column based on experimental data. 
 
6.8.3 Comparison of Diameter of Grouted Column of New Model with Field 
Trial Data, and comparison of UCS of Cored Sample with Laboratory 
Sample 
 
The predicted diameter of grouted column from new model was compared with 
field trial data of jet grouting and subsequently, UCS of cored sample was compared 
with laboratory sample. The injection pressure used for prediction of diameter of 
grouted column varied from 3 to 5 MPa. It was found that diameter of grouted column 




in low pressure grouting can be achieved in the lower range of diameter of grouted 
column in jet grouting. However, diameter is still enough for soft clay treatment. 
UCS of cored sample obtained from laboratory grouting test was found to be 
almost similar to that of laboratory test sample. Thus, strength of grouted column in 









Conclusions and Recommendations 
_____________________________________________________________ 
7.1 Introduction 
In present research, performance of low pressure grouting with partial 
replacement of cement by copper slag in treating soft marine clay was evaluated. This 
research is divided into 2 parts. In the first part, pozzolanic property of copper slag was 
evaluated in sand-mortar and cement-treated clay. Subsequently, the effect on 
engineering properties and microstructural property of cement-treated clay was discussed 
with increasing amount of copper slag (original gradation). The effect was then explained 
by “Physical effect” of copper slag and “Chemical effect” of fine portion of copper slag 
when copper slag was added into cement-clay mix. In the second part, performance of 
low pressure grouting was evaluated by using copper slag-cement grout so that this 
technique can be used to treat soft marine clay in the field. For this, a new laboratory 
scale low pressure grouting apparatus was designed and fabricated. The radius of grouted 
column was taken as the key parameter for performance evaluation. This apparatus was 
used and test conducted to evaluate the performance of low pressure grouting with 
varying nozzle diameter, in-situ soil strength, grout viscosity, overburden pressure and 
operational parameters of grouting.  
In the second part of research, copper slag (original gradation)-cement based 
grout (which was studied in Chapter 3 and 4) was first used for performance evaluation. 
However, it was found that when adding copper slag (original gradation) in the cement 
grout, outlet of fluid grout-compressed air system was found to be blocked by “coarse” 




particles of copper slag during grouting process. Hence, cement grout with copper slag 
(fine gradation) was used in subsequent grouting experiment. In the actual field condition, 
this problem will not be there as the valve of grout pipeline is large enough to allow the 
flow of copper slag (original gradation)-cement based grout. Thus, in the field, “Physical 
effect” of copper slag (original gradation) as well as “Chemical effect” of fine portion of 
copper slag (original gradation) can be utilized to improve the engineering properties of 
cement-treated clay. “Physical effect” of copper slag and “Chemical effect” of fine 
portion of copper slag (original gradation) in cement-treated clay were already studied in 
Part 1 of this research (Chapter 3 and 4). 
Copper slag affected cement-treated clay “Physically”, and the fine portion of 
copper slag affected cement-treated clay “Chemically”. Thus, in laboratory grouting 
experiment, “Chemical effect” of copper slag (original gradation) in cement-treated clay 
was captured well, as copper slag (fine gradation) was used. Strength obtained in 
laboratory grouting experiment was mainly due to “Chemical effect” of copper slag (fine 
gradation) which would be conservative with respect to field condition, as the copper slag 
(original gradation) will be used in the field. It should be noted that combined effect (i.e. 
“Physical effect” of copper slag (original gradation) and “Chemical effect” of fine portion 
of copper slag) would lead to higher strength than sole effect of “Chemical effect” of fine 
portion of copper slag, as what was studied in this research.. Nevertheless, it can be stated 
that low pressure grouting experiment captured well the “Chemical effect” of the fine 
portion of copper slag (original gradation) in cement-treated clay.  
This chapter presents the conclusions for Part 1 and Part 2 of the research in the 
following sections. 




7.2 Part 1: Pozzolanic Property of Copper Slag and its Effect on Engineering  
       Properties and Microstructural Properties of Cement-Treated Clay 
The key findings of this part of research are summarized below:  
1. Copper slag (original gradation) was found to be not satisfying pozzolanic property 
requirement based on ASTM C618’s requirement. On the other hand, copper slag 
with only fine gradation indeed showed the observable pozzolanic property based on 
the same ASTM C618’s requirement.  
2. The commonly available copper slag (original gradation) in Singapore contains         
~67% of “coarse” particles and ~33% of “fine” particles. “Fine” particles alone can 
function as “Pozzolanic material”. It was found that copper slag (which contains 
coarse and fine particles) can contribute to pozzolanic reaction if non-conventional 
ratio of copper slag (original gradation) to cement (Test mix-3a of Table 4.2) is used 
instated of conventional ratio used according to ASTM C618. Pozzolanic reaction of 
fine portion of copper slag with calcium hydroxide (Ca(OH)2) in cement-treated clay 
was also confirmed by x-rays diffraction (XRD) test. It should be noted that this is 
valid only for copper slag with at least one third of fine fraction. The contribution to 
increase in strength due to pozzolanic reaction was called “Chemical effect” in this 
thesis. 
3. When copper slag was added into cement-treated clay, copper slag affected the 
cement-treated clay in three ways; (i) “Physically”, this “Physical effect” of copper 
slag led to the reduction of the strength of cement-treated clay with increasing 
amount of copper slag, as void ratio and free water increased at constant water 
content condition; (ii) “Chemically”, “Chemical effect” of fine portion of copper 
slag led to the improvement of the strength of cement-treated clay; and (iii) 




“Reduction of actual cement content” in cement-treated clay, this “deduction of 
actual cement content” led to the reduction of the strength of cement-treated clay. 
Unconfined compressive strength (UCS) of samples, tested at constant water content 
were found to be decreased with increasing amount of copper slag (Test series-M, 
Test series-N and Test series-O). This reduction in UCS in 7 and 28 days was 
because of reduction in strength due to “Physical effect” of copper slag and 
“reduction in actual cement content of test mix” was higher than the increase in 
strength due to “Chemical effect” of fine portion of copper slag. 
4. When copper slag was added into cement-treated clay at 100% initial water content, 
constant workability and constant cement content, UCS of cement-treated clay 
changed with increasing amount of copper slag. It was found that in shorter curing 
time (i.e. 7 days) and lower cement content (i.e. 30% apparent cement content), UCS 
of cement-treated clay decreased slightly with increasing amount of copper slag 
(Refer to Test series-P, 7 days curing time). On the other hand, in longer curing time 
(i.e. 28 days) and higher cement content (i.e. 50% apparent cement content), UCS of 
cement-treated clay increased with increasing amount of copper slag (Refer to Test 
series-Q, 28 days curing time). Hence, it was concluded that at 100% initial water 
content, higher cement content and longer curing time, copper slag can be used as a 
partial replacement of cement. 
5. At constant workability (Test series-R), UCS of test mixes equal to that of control 
mix can be achieved when part of the cement was replaced by copper slag at 7 days 
curing time (in this study, control mix (without copper slag) is with 30% actual 
cement content and 140% water content). 




6. This constant strength or change in strength of cement-treated clay with increasing 
amount of copper slag at constant workability was due to the combined effect of 3 
factors (i.e. “Physical effect”, “Chemical effect” and “Reduction in the actual cement 
content”). Note that the “Physical effect” of copper slag in this constant workability 
condition lead to an increase of strength because of void ratio decreased, in contrast 
to “Physical effect” in constant water content condition which led to the reduction in 
strength. When reduction in strength due to decrease in “actual cement content” of 
test mix was higher than the increase in strength due to “Physical effect” and 
“Chemical effect”, the strength of cement-treated clay decreased with increasing 
amount of copper slag. On the other hand, when the reduction in strength due to 
decrease in “actual cement content” of test mix was lower than the increase in 
strength due to “Physical effect” and “Chemical effect”, the strength of cement-
treated clay increased with increasing amount of copper slag. 
7. At constant workability, compressibility of cement-treated clay did not change with 
increasing amount of copper slag (Test series-P to Test series-R). All the compression 
curves of cement-treated clay showed almost similar trend.  
8.  The “increased” in strength and “unchanged” in compressibility of cement-treated 
clay with increasing amount of copper slag confirmed that copper slag (original 
gradation) can be used as partial replacement of cement in treating soft marine clay.  
Thus, copper slag-cement-grout can be used to treat soft marine clay in the actual 
field condition by using jet grouting and low pressure grouting method. 
9.  The LL and PL limits of cement-treated clay decreased with increasing amount of 
copper slag (Test series-P and Test series-R). The possible main reason was expected 




as the water absorption of copper slag particles was lower than that of cement and 
clay particles, thus copper slag particles absorbed less amount of water than that of 
clay and cement resulted in lowering of water within treated clay clusters.  
10. The results of SEM showed that the copper slag  particles were clearly visible even at 
its smaller content (i.e. 10%) and it increased along the scanning surface with 
increasing amount of copper slag (Test series-R). In addition to this, embedded 
copper slag particles among flocculated clay particles were observed at some places. 
However, it was found that the microstructure of test mix did not change.  
 
7.3 Part 2: Low Pressure Grouting Experiments 
The key findings of this part of research are summarized below:  
1. Low pressure grouting experiment apparatus was developed successfully in National 
University of Singapore (NUS) Geotechnical Laboratory. 
2. A series of low pressure grouting experiments were conducted for various parameters. 
They are injection pressure, nozzle diameter, in-situ soil strength, grout viscosity, 
and overburden pressure. 
3. The radius of grouted column was taken as the key parameter for performance 
evaluation. 
4. The average radius of grouted column was found to be increased with decrease in 
withdrawal rate of jetting pipe. This relative increase in radius of grouted column 
was found to be higher than that of jet grouting for change in the similar range of 
withdrawal rate. Thus, it was stated that low pressure grouting was more sensitive to 
withdrawal rate than that of jet grouting. 




5. The average radius of grouted column varied linearly with injection pressure and 
nozzle diameter, and inversely with viscosity ratio (water-binder ratio). These 
implied that radius of grouted column was not only a function of injection pressure, 
but also the nozzle diameter and viscosity ratio (water-binder ratio). Thus, larger 
radius of grouted column can be achieved not only by increasing injection pressure 
but also increasing nozzle diameter or decreasing viscosity ratio (increasing water-
binder ratio). 
6. The average radius of grouted column varied inversely with shear strength, the 
relationship being highly non-linear. Larger effect was observed when comparing 
test with lower shear strength (i.e. 7 kPa to14 kPa). However, this effect was 
diminishing as shear strength increased (i.e. 14 kPa to 25 kPa). 
7. The radius of grouted column was found to be almost constant with different 
overburden pressure. It was noted that overburden pressures were applied and the 
grouting experiment was done immediately. Thus, the radius of grouted column was 
obtained with overburden pressure under undained condition. 
8. The normalized radius (normalized radius 1 to 5) was found to have strong 
correlation with key parameters (injection pressure, undrained shear strength, nozzle 
diameter and viscosity ratio) one at time. Hence, the relationships obtained from 
normalized plot can be used in the actual field condition to evaluate the radius of 
grouted column. 
9. The low pressure grouting experiment data was found to be fitted well with proposed 
model by Ho (2005) and Modoni et al. (2006) but with lower gradient. It was noted 
that this was because of the model of Ho (2005) did not consider the effect of 




viscosity of grout and withdrawal rate of jetting pipe, and model of Modoni et al. 
(2006) did not considered the effect of withdrawal rate of jetting pipe. This thesis 
provides a modified gradient by taking into account these two conditions. 
10. A new model was developed based on low pressure grouting experimental data. Thus, 
this model can be used to predict radius of grouted column in the actual field 
condition for low pressure range. The model which includes the effect of withdrawal 
rate and viscosity of grout slurry can provide a fairly accurate prediction of radius of 
grouted column based on experimental data. 
11. The diameter of grouted column in low pressure grouting was found to be lower 
range (0.5 m to 0.7 m) of that of jet grouting. However, this diameter is still enough 
for soft clay treatment. Thus, low pressure grouting method can be used successfully 
to treat soft marine clay in the field. 
12. UCS of cored sample obtained from laboratory grouting test was found to be almost 
similar to that of laboratory test sample. Thus, strength of grouted column in low 
pressure grouting can be achieved in the similar range of laboratory sample.  
 
7.4 Recommendations for Future Works 
1. The study of Gava and Prudencio Jr (2007) showed that test results obtained from 
different test methodologies for pozzolanic property evaluation were different. 
Chapelle’s modified test classified the tested fly ash as possessing an extremely low 
reactivity. On the other hand, ASTM C311 test method showed that fly ash can be 
considered as an excellent pozzolan. As in present research, pozzolanic property of 




copper slag was evaluated according to ASTM C618 standard only. Hence, it can be 
evaluated by some other methods to verify the test results. 
2. In the study, pozzolanic reaction by XRD test was evaluated at high cement content of 
control mix (cement-treated clay) and test mix (cement-treated clay with copper slag). 
In such case, intensity of some CSH was weak with respect to others. Hence, it 
required to conduct XRD test at low cement content of control mix and test mix so 
that intensity of CSH can be observed clearly. 
3. “Physical effect” of copper slag (original gradation) and “chemical effect” of fine 
portion of copper slag are factors that influenced the strength and compressibility of 
cement-treated clay. The effect on strength and compressibility of cement-treated clay 
was studied qualitatively with increasing amount of copper slag. However, it is needed 
to study the effect of copper slag on cement-treated clay quantitatively. 
4. Both chemical and physical properties of copper slag are needed to be better assessed.  
This is because of the strength and compressibility of cement-treated clay with copper 
slag is highly affected by chemical and physical properties of copper slag. 
5. In present research, laboratory experiment was carried out to model low pressure 
grouting. No field experiment was conducted in this range of pressure, Hence, field 
tests of this pressure range can be carried out to establish the relationship between lab 
test results and field test results. 
6. Centrifuge test can be done to model low pressure grouting experiment with varying 
nozzle diameter, in-situ soil strength, grout viscosity and overburden pressure.  
7. The radius of grouted column was determined mainly for withdrawal rate of 100 
mm/min at 10 rpm rotational speed. A further study could be made by using 




withdrawal rate of 50 mm/min, 200mm/min and 300 mm/min to predict the radius of 
grouted column. 
8. The radius of grouted columns was determined with withdrawal rate of 100 mm/min at 
10 rpm and 20 rpm rotational speed only. Hence, it is needed to determine the radius 
of grouted column with withdrawal rate of 100 mm/min at 5 rpm rotational speed to 
confirm the optimum rotational speed. 
9. The present grouting experiment was conducted with single nozzle to study the 
performance of low pressure grouting. However, in field, multiple nozzles were used 
for grouting purposes. Hence, the effect of multiple nozzles on performance of low 
pressure grouting can be studied.   
10. The low pressure grouting experiment was conducted for range of pressure of 1 to 3 
MPa. The present proposed model may not be valid for higher pressure range. Hence, 
some more experiment can be conducted with high pressure (3 to 5 MPa) to verify or 
amend the model. 
11. In present grouting experiment, overburden pressures were applied and the grouting 
experiment was done immediately. Thus, the radius of grouted column was obtained 
with overburden pressure under undained condition. A further study can be carried 
when overburden pressure changed to effective stress and thus, the effect of 
overburden pressure on the radius of grouted column can be studied under drained 
condition.  
12. In grouting experiment, different content of copper slag can be used which may affect 
the radius of grouted column. In this study, the effect of copper slag on radius of 




grouted column was not studied. Hence, it is required to study effect of copper slag on 
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Figure A-1 Variation of water content and unit weight with sample depth for sample S1  
Figure A-2 Variation of water content and unit weight with sample depth for sample S2  
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Figure A-3 Variation of water content and unit weight with sample depth for sample S3  
Figure A-4 Variation of water content and unit weight with sample depth for sample S5  
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Figure A-5 Variation of water content and unit weight with sample depth for sample S6  
Figure A-6 Variation of water content and unit weight with sample depth for sample S7  
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Figure A-7 Variation of water content and unit weight with sample depth for sample S8  
Figure A-8 Variation of water content and unit weight with sample depth for sample S9  
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Figure A-9 Variation of water content and unit weight with sample depth for sample S11  
Figure A-10 Variation of water content and unit weight with sample depth for sample S13  
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Figure A-11 Variation of water content and unit weight with sample depth for sample S14  
Figure A-12 Variation of water content and unit weight with sample depth for sample S15  
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Figure A-13 Variation of water content and unit weight with sample depth for sample S16  































































































Upper grout layer 
Lower grout layer 
Figure B2 Section view of grouted sample showing upper and lower grout layers 
 



































Figure B-1(b) View of upper grout layer for sample S1, section: O-2 
 
Figure B-1(c) View of upper grout layer for sample S1, section: O-3 
 Figure B-1(d) View of upper grout layer for sample S1, section: O-4 
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Figure B-1(e) View of lower grout layer for sample S1, section: O-1 
 
Figure B-1(f) View of lower grout layer for sample S1, section: O-2 
 
Figure B-1(g) View of lower grout layer for sample S1, section: O-3 
 



































Figure B-1(i) View of upper grout layer for sample S1, section: 4-O-2 
 



































Figure B-2(a) View of upper grout layer for sample S2, section: O-1 
 
Figure B-2(b) View of upper grout layer for sample S2, section: O-2 
 
Figure B-2(c) View of upper grout layer for sample S2, section: O-3 
 
Figure B-2(d) View of upper grout layer for sample S2, section: O-4 
 
































28 mm 30 mm 
35 mm 
Figure B-2(e) View of lower grout layer for sample S2, section: O-1 
 
Figure B-2(f) View of lower grout layer for sample S2, section: O-2 
 
Figure B-2(g) View of lower grout layer for sample S2, section: O-3 
 





































Figure B-3(a) View of upper grout layer for sample S3, section: O-1 
 
Figure B-3(b) View of upper grout layer for sample S3, section: O-2 
 
28 mm 
Figure B-3(c) View of upper grout layer for sample S3, section: O-3 
 

































25 mm 15 mm 
17 mm 
Figure B-3(e) View of lower grout layer for sample S3, section: O-1 
 
Figure B-3(f) View of lower grout layer for sample S3, section: O-2 
 
Figure B-3(g) View of lower grout layer for sample S3, section: O-3 
 






































Figure B-4(a) View of upper grout layer for sample S4, section: O-1 Figure B-4(b) View of upper grout layer for sample S4, section: O-2 
 
Figure B-4(c) View of upper grout layer for sample S4, section: O-3 
 




































Figure B-4(e) View of lower grout layer for sample S4, section: O-1 
 
Figure B-4(f) View of lower grout layer for sample S4, section: O-2 
 
Figure B-4(g) View of lower grout layer for sample S4, section: O-3 
 Figure B-4(h) View of lower grout layer for sample S4, section: O-4 
 
































Figure B-5(a) View of upper grout layer for sample S5, section: O-1 
 
Figure B-5(b) View of upper grout layer for sample S5, section: O-2 
 
Figure B-5(c) View of upper grout layer for sample S5, section: O-3 
 





































Figure B-5(e) View of lower grout layer for sample S5, section: O-1 
 
Figure B-5(f) View of lower grout layer for sample S5, section: O-2 
 
Figure B-5(g) View of lower grout layer for sample S5, section: O-3 
 





































Figure B-6(a) View of upper grout layer for sample S6, section: O-1 
 
Figure B-6(b) View of upper grout layer for sample S6, section: O-2 
 
Figure B-6(c) View of upper grout layer for sample S6, section: O-3 
 





































Figure B-6(e) View of lower grout layer for sample S6, section: O-1 
 
Figure B-6(f) View of lower grout layer for sample S6, section: O-2 
 
Figure B-6(g) View of lower grout layer for sample S6, section: O-3 
 





































Figure B-7(a) View of upper grout layer for sample S7, section: O-1 
 
Figure B-7(b) View of upper grout layer for sample S7, section: O-2 
 
Figure B-7(c) View of upper grout layer for sample S7, section: O-3 
 





































Figure B-7(e) View of lower grout layer for sample S7, section: O-1 
 
Figure B-7(f) View of lower grout layer for sample S7, section: O-2 
 
Figure B-7(g) View of lower grout layer for sample S7, section: O-3 
 
Figure B-7(h) View of lower grout layer for sample S7, section: O-4 
 


































Figure B-8(a) View of upper grout layer for sample S8, section: O-1 
 
Figure B-8(b) View of upper grout layer for sample S8, section: O-2 
 
Figure B-8(c) View of upper grout layer for sample S8, section: O-3 
 
Figure B-8(d) View of upper grout layer for sample S8, section: O-4 
 
95 mm 
 92 mm 
































Figure B-8(e) View of lower grout layer for sample S8, section: O-1 
 
Figure B-8(f) View of lower grout layer for sample S8, section: O-2 
 
Figure B-8(g) View of lower grout layer for sample S8, section: O-3 
 
Figure B-8(h) View of lower grout layer for sample S8, section: O-4 
 
 75 mm 
 78 mm 
































Figure B-9(a) View of upper grout layer for sample S9, section: O-1 
 
Figure B-9(b) View of upper grout layer for sample S9, section: O-2 
 
Figure C-9(c) View of upper grout layer for sample S9, section: O-3 
 Figure B-9(d) View of upper grout layer for sample S9, section: O-4 
 
145 mm  140 mm 
150 mm 
































Figure B-9(e) View of lower grout layer for sample S9, section: O-1 Figure B-9(f) View of lower grout layer for sample S9, section: O-2 
 
Figure B-9(g) View of lower grout layer for sample S9, section: O-3 
 
Figure B-9(h) View of lower grout layer for sample S9, section: O-4 
 
 123 mm 
 122 mm 
123 mm 
































Figure B-10(a) View of upper grout layer for sample S10, section: O-1 
 
Figure B-10(b) View of upper grout layer for sample S10, section: O-2 
 
Figure B-10(c) View of upper grout layer for sample S10, section: O-3 
 
Figure B-10(d) View of upper grout layer for sample S10, section: O-4 
 
59 mm 
 57 mm 
































Figure B-10(e) View of lower grout layer for sample S10, section: O-1 
 
Figure B-10(f) View of lower grout layer for sample S10, section: O-2 
 
Figure B-10(g) View of lower grout layer for sample S10, section: O-3 
 
Figure B-10(h) View of lower grout layer for sample S10, section: O-4 
 
 46 mm 
 47 mm 
 47 mm 
































Figure B-11(a) View of upper grout layer for sample S11, section: O-1 
 
Figure B-11(b) View of upper grout layer for sample S11, section: O-2 
 
Figure B-11(c) View of upper grout layer for sample S11, section: O-3 
 
Figure B-11(d) View of upper grout layer for sample S11, section: O-4 
 
 105 mm  100 mm 

































Figure B-11(e) View of lower grout layer for sample S11, section: O-1 
 
Figure B-11(f) View of lower grout layer for sample S11, section: O-2 
 
Figure B-11(g) View of lower grout layer for sample S11, section: O-3 
 Figure B-11(h) View of lower grout layer for sample S11, section: O-4 
 
 76 mm 
85 mm 
































Figure B-12(a) View of upper grout layer for sample S12, section: O-1 
 
Figure B-12(b) View of upper grout layer for sample S12, section: O-2 
 
Figure B-12(c) View of upper grout layer for sample S12, section: O-3 
 
Figure B-12(d) View of upper grout layer for sample S12, section: O-4 
 
 134  mm 
 120  mm 
































Figure B-12(e) View of lower grout layer for sample S12, section: O-1 
 
Figure B-12(f) View of lower grout layer for sample S12, section: O-2 
 
Figure B-12(g) View of lower grout layer for sample S12, section: O-3 
 
Figure B-12(h) View of lower grout layer for sample S12, section: O-4 
 
 92 mm  86 mm 
 85 mm 


































Figure B-13(a) View of Upper grout layer for sample S13, section: O-1 
 
Figure B-13(b) View of Upper grout layer for sample S13, section: O-2 
 
Figure B-13(c) View of Upper grout layer for sample S13, section: O-3 
 
Figure B-13(d) View of Upper grout layer for sample S13, section: O-4 
 
 81 mm  78 mm 
































Figure B-13(e) View of lower grout layer for sample S13, section: O-1 
 
Figure B-13(f) View of lower grout layer for sample S13, section: O-2 
 
Figure B-13(g) View of lower grout layer for sample S13, section: O-3 
 Figure B-13(h) View of lower grout layer for sample S13, section: O-4 
 
66 mm  66 mm 
 73 mm 
































Figure B-14(a) View of upper grout layer for sample S14, section: O-1 
 
Figure B-14(b) View of upper grout layer for sample S14, section: O-2 
 
Figure B-14(c) View of upper grout layer for sample S14, section: O-3 
 Figure B-14(d) View of upper grout layer for sample S14, section: O-4 
 
   48 mm 
   45 mm 

































Figure B-14(e) View of lower grout layer for sample S14, section: O-1 
 
Figure B-14(f) View of lower grout layer for sample S14, section: O-2 
 
Figure B-14(g) View of lower grout layer for sample S14, section: O-3 
 
Figure B-14(h) View of lower grout layer for sample S14, section: O-4 
 
   36 mm 
   35 mm 
   38 mm 
































Figure B-15(a) View of upper grout layer for sample S15, section: O-1 
 Figure B-15(b) View of upper grout layer for sample S15, section: O-2 
 
Figure B-15(c) View of upper grout layer for sample S15, section: O-3 
 
Figure B-15(d) View of upper grout layer for sample S15, section: O-4 
 
 65 mm 
 60 mm 
 69 mm 
































Figure B-15(e) View of lower grout layer for sample S15, section: O-1 
 
Figure B-15(f) View of lower grout layer for sample S15, section: O-2 
 
Figure B-15(g) View of lower grout layer for sample S15, section: O-3 
 
Figure B-15(h) View of lower grout layer for sample S15, section: O-4 
 
 60 mm  50 mm 
 56 mm 
































Figure B-16(a) View of upper grout layer for sample S16, section: O-1 
 
Figure B-16(b) View of upper grout layer for sample S16, section: O-2 
 
Figure B-16(c) View of upper grout layer for sample S16, section: O-3 
 Figure B-16(d) View of upper grout layer for sample S16, section: O-4 
 
 91 mm  82 mm 
 80 mm 
































Figure B-16(e) View of lower grout layer for sample S16, section: O-1 
 Figure B-16(f) View of lower grout layer for sample S16, section: O-2 
 
Figure B-16(g) View of lower grout layer for sample S16, section: O-3 
 
Figure B-16(h) View of lower grout layer for sample S16, section: O-4 
 
 51 mm 
 57 mm 
 52 mm 
































Figure B-17(a) View of upper grout layer for sample S17, section: O-1 
 
Figure B-17(b) View of upper grout layer for sample S17, section: O-2 
 
Figure B-17(c) View of upper grout layer for sample S17, section: O-3 
 
Figure B-17(d) View of upper grout layer for sample S17, section: O-4 
 
 91 mm 
 92 mm 
































Figure B-17(e) View of lower grout layer for sample S17, section: O-1 
 
Figure B-17(f) View of lower grout layer for sample S17, section: O-2 
 
Figure B-17(g) View of lower grout layer for sample S17, section: O-3 
 
Figure B-17(h) View of lower grout layer for sample S17, section: O-4 
 
 62 mm 
 61 mm 
 64 mm 
 54 mm 
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GROUTED SECTION IN VERICAL SOIL FACE 
AND  


































































Upper grout layer 
Lower grout layer 
Figure C2 Section view of grouted sample showing upper and lower grout layer 
 


















































 Distance from circumference of injection hole (mm)



















































 Figure C-1(a) Vertical profile of grouted soil for sample S1, Section O-1  
 
Upper Level Grouting 
Avg Cu = 15.7 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 50 mm 








































 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)
Upper Level Grouting 
Avg Cu = 15.7 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 55 mm 
Lower Level Grouting 
Avg Cu = 17 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 42 mm 
 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
 
              
Lower Level Grouting 
Avg Cu = 17 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 40 mm 
 
 Figure C-1(b) Vertical profile of grouted soil for sample S1, Section O-2  
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)

































 Distance from circumference of injection hole (mm)














































 Figure C-1(c) Vertical profile of grouted soil for sample S1, Section O-3  
 
 Figure C-1(d) Vertical profile of grouted soil for sample S1, Section O-4  
 
Upper Level Grouting 
Avg Cu = 15.0 kPa 
Pi = 1.5 MPa 
dn= 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 60 mm 
Lower Level Grouting 
Avg Cu = 16.2 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
       lg = 45 mm 
Lower Level Grouting 
Avg Cu = 16.2 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 45 mm 
Upper Level Grouting 
Avg Cu = 15.0 kPa 
Pi = 1.5 MPa 
dn= 2.0 mm 
wr = 50 mm/min 
rs = 20 rpm 
      lg = 55 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)

































 Distance from circumference of injection hole (mm)














































 Figure C-2(a) Vertical profile of grouted soil for sample S2, Section O-1  
 
 Figure C-2(b) Vertical profile of grouted soil for sample S2, Section O-2  
 
Upper Level Grouting 
Avg Cu = 17.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
     lg = 35 mm 
Lower Level Grouting 
Avg Cu = 16.7 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 28 mm 
Upper Level Grouting 
Avg Cu = 17.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 34 mm 
Lower Level Grouting 
Avg Cu = 16.7 kPa 
Pi = 1.0 MPa 
dn= 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 30 mm 
■   Shear strength,                Cemented zone boundary 
 
             
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)

































 Distance from circumference of injection hole (mm)













































 Figure C-2(c) Vertical profile of grouted soil for sample S2, Section O-3  
 
 Figure C-2(d) Vertical profile of grouted soil for sample S2, Section O-4  
 
Upper Level Grouting 
Avg Cu = 17.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 43 mm 
Lower Level Grouting 
Avg Cu = 14.8 kPa 
Pi = 1.0 MPa 
dn= 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 33 mm 
Upper Level Grouting 
Avg Cu = 17.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
       lg = 38 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
 
              
Lower Level Grouting 
Avg Cu = 14.8 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 20 rpm 
      lg = 35 mm 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)

































 Distance from circumference of injection hole (mm)














































 Figure C-3(a) Vertical profile of grouted soil for sample S3, Section O-1  
 
 Figure C-3(b) Vertical profile of grouted soil for sample S3, Section O-2  
 
Lower Level Grouting 
Avg Cu = 17.86 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 25 mm 
Upper Level Grouting 
Avg Cu = 16.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 30 mm 
Upper Level Grouting 
Avg Cu = 16.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 28 mm 
Lower Level Grouting 
Avg Cu = 17.86 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 15 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)

































 Distance from circumference of injection hole (mm)













































 Figure C-3(c) Vertical profile of grouted soil for sample S3, Section O-3  
 
 Figure C-3(d) Vertical profile of grouted soil for sample S3, Section O-4  
 
Upper Level Grouting 
Avg Cu = 14.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 28 mm 
Lower Level Grouting 
Avg Cu = 17.1 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 17 mm 
Upper Level Grouting 
Avg Cu = 14.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 25 mm 
Lower Level Grouting 
Avg Cu = 17.1 kPa 
Pi = 1.0 MPa 
dn  = 2.0 mm 
wr = 200 mm/min 
rs = 20 rpm 
      lg = 15 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)














































 Figure C-4(a) Vertical profile of grouted soil for sample S4, Section O-1  
 
 Figure C-4(b) Vertical profile of grouted soil for sample S4, Section O-2  
 
Upper level grouting 
Avg Cu = 14.6 kPa 
Pi = 1.5 MPa 
di = 2.0 mm 
Wr = 200 mm/min 
Nr = 20 rpm 
 
Lower level grouting 
Avg Cu = 17.1 kPa 
Pi = 1.0 MPa 
di = 2.0 mm 
Wr = 200 mm/min 
Nr = 20 rpm 
 
■   Shear strength,                Cemented zone boundary 
 
              
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 50 mm 
Lower Level Grouting 
Avg Cu = 13.64 kPa 
Pi = 1.0 MPa 
dn = 3 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 40 mm 
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 70 mm 
Lower Level Grouting 
Avg Cu = 13.64 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 64 mm 
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)





































 Distance from circumference of injection hole (mm)














































 Figure C-4(c) Vertical profile of grouted soil for sample S4, Section O-3  
 
 Figure C-4(d) Vertical profile of grouted soil for sample S4, Section O-4  
 
Upper Level Grouting 
Avg Cu = 13.74 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 70 mm 
Lower Level Grouting 
Avg Cu = 13.84 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 65 mm 
Upper Level Grouting 
Avg Cu = 13.74 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 65 mm 
Lower Level Grouting 
Avg Cu = 13.84 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 50 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)














































 Figure A-5(a) Vertical profile of grouted soil for sample S5, Section O-1  
 
 Figure C-5(b) Vertical profile of grouted soil for sample S5, Section O-2  
 
Upper Level Grouting 
Avg Cu = 13.46 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 127 mm 
Lower Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 100 mm 
Upper Level Grouting 
Avg Cu = 13.46 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 130 mm 
Lower Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 100 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)















































 Figure C-5(c) Vertical profile of grouted soil for sample S5, Section O-3  
 
 Figure C-5(d) Vertical profile of grouted soil for sample S5, Section O-4  
 
Upper Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 133 mm 
Lower Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 98 mm 
Upper Level Grouting 
Avg Cu = 13.67 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 123 mm 
Lower Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 93 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)













































 Figure C-6(a) Vertical profile of grouted soil for sample S6, Section O-1  
 
 Figure C-6(b) Vertical profile of grouted soil for sample S6, Section O-2  
 
Upper Level Grouting 
Avg Cu = 14.07 kPa 
Pi = 1.5 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 77 mm 
Lower Level Grouting 
Avg Cu = 14.3 kPa 
Pi = 1.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 60 mm 
Upper Level Grouting 
Avg Cu = 14.07 kPa 
Pi = 1.5 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 80 mm 
Lower Level Grouting 
Avg Cu = 14.3 kPa 
Pi = 1.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 60 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)















































 Figure C-6(c) Vertical profile of grouted soil for sample S6, Section O-3  
 
 Figure C-6(d) Vertical profile of grouted soil for sample S6, Section O-4  
 
Upper Level Grouting 
Avg Cu = 14.5 kPa 
Pi = 1.5 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 83 mm 
Lower Level Grouting 
Avg Cu = 16.3 kPa 
Pi = 1.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 65 mm 
Upper Level Grouting 
Avg Cu = 14.5 kPa 
Pi = 1.5 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
       l g = 75 mm 
Lower Level Grouting 
Avg Cu = 16.3 kPa 
Pi = 1.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 58 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)
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 Figure C-7(a) Vertical profile of grouted soil for sample S7, Section O-1  
 
 Figure C-7(b) Vertical profile of grouted soil for sample S7, Section O-2  
 
Upper Level Grouting 
Avg Cu = 17.1 kPa 
Pi = 3.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
lg = 167 mm 
Lower Level Grouting 
Avg Cu = 14.0 kPa 
Pi = 2.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 122 mm 
Upper Level Grouting 
Avg Cu = 17.1 kPa 
Pi = 3.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 150 mm 
Lower Level Grouting 
Avg Cu = 14.0 kPa 
Pi = 2.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 127 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)
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 Figure C-7(c) Vertical profile of grouted soil for sample S7, Section O-3  
 
 Figure C-7(d) Vertical profile of grouted soil for sample S7, Section O-4  
 
Upper Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 3.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 150 mm 
Lower Level Grouting 
Avg Cu = 14.0 kPa 
Pi = 2.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 110 mm 
Upper Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 3.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 155 mm 
Lower Level Grouting 
Avg Cu = 14.0 kPa 
Pi = 2.0 MPa 
dn = 2.5 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 115 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)
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 Figure C-8(a) Vertical profile of grouted soil for sample S8, Section O-1  
 
 Figure C-8(b) Vertical profile of grouted soil for sample S8, Section O-2  
 
Upper Level Grouting 
Avg Cu = 13.1 kPa 
Pi = 1.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rr = 10 rpm 
      lg = 95 mm 
Lower Level Grouting 
Avg Cu = 13.96 kPa 
Pi = 1.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 75 mm 
Upper Level Grouting 
Avg Cu = 13.1 kPa 
Pi = 1.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 92 mm 
Lower Level Grouting 
Avg Cu = 13.96 kPa 
Pi = 1.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 78 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)
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 Figure C-8(c) Vertical profile of grouted soil for sample S8, Section O-3  
 
 Figure C-8(d) Vertical profile of grouted soil for sample S8, Section O-4  
 
Upper Level Grouting 
Avg Cu = 14.7 kPa 
Pi = 1.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 102 mm 
Lower Level Grouting 
Avg Cu = 16.41 kPa 
Pi = 1.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 80 mm 
Upper Level Grouting 
Avg Cu = 14.7 kPa 
Pi = 1.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 90 mm 
Lower Level Grouting 
Avg Cu = 16.41 kPa 
Pi = 1.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 70 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-9(a) Vertical profile of grouted soil for sample S9, Section O-1  
 
 Figure C-9(b) Vertical profile of grouted soil for sample S9, Section O-2  
 
Upper Level Grouting 
Avg Cu = 17.2 kPa 
Pi = 2.5 MPa 
di = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 145 mm 
Lower Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 2.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 123 mm 
Upper Level Grouting 
Avg Cu = 17.2 kPa 
Pi = 2.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 140 mm 
Lower Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 2.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 122 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-9(c) Vertical profile of grouted soil for sample S9, Section O-3  
 
 Figure C-9(d) Vertical profile of grouted soil for sample S9, Section O-4  
 
Upper Level Grouting 
Avg Cu = 13.4 kPa 
Pi = 2.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 150 mm 
Lower Level Grouting 
Avg Cu = 15.8 kPa 
Pi = 2.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 123 mm 
Upper Level Grouting 
Avg Cu = 13.4 kPa 
Pi = 2.5 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 150 mm 
Lower Level Grouting 
Avg Cu = 15.8 kPa 
Pi = 2.0 MPa 
dn = 3.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 115 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-10(a) Vertical profile of grouted soil for sample S10, Section O-1  
 
 Figure C-10(b) Vertical profile of grouted soil for sample S10, Section O-2  
 
Lower Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 46 mm 
Upper Level Grouting 
Avg Cu = 26.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 57 mm 
Lower Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 47 mm 
Upper Level Grouting 
Avg Cu = 26.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 59 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-10(c) Vertical profile of grouted soil for sample S10, Section O-3  
 
 Figure C-10(d) Vertical profile of grouted soil for sample S10, Section O-4  
 
Upper Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 51 mm 
Lower Level Grouting 
Avg Cu = 28.1 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 47 mm 
Upper Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 58 mm 
Lower Level Grouting 
Avg Cu = 28.1 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 45 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-11(a) Vertical profile of grouted soil for sample S11, Section O-1  
 
 Figure C-11(b) Vertical profile of grouted soil for sample S11, Section O-2  
 
Upper Level Grouting 
Avg Cu = 24.5 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 105 mm 
Lower Level Grouting 
Avg Cu = 25.2 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 76 mm 
Upper Level Grouting 
Avg Cu = 22.9 kPa 
Pi = 3.0 MPa 
di = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 100 mm 
Lower Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 85 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-11(c) Vertical profile of grouted soil for sample S11, Section O-3  
 
 Figure C-11(d) Vertical profile of grouted soil for sample S11, Section O-4  
 
Upper Level Grouting 
Avg Cu = 22.9 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 108 mm 
Lower Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 75 mm 
Upper Level Grouting 
Avg Cu = 22.9 kPa 
Pi = 3.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 102 mm 
Lower Level Grouting 
Avg Cu = 27.3 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 85 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-12(a) Vertical profile of grouted soil for sample S12, Section O-1  
 
 Figure C-12(b) Vertical profile of grouted soil for sample S12, Section O-2  
 
Upper Level Grouting 
Avg Cu = 7.23 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 134 mm 
Lower Level Grouting 
Avg Cu = 7.85 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 92 mm 
Upper Level Grouting 
Avg Cu = 7.23 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 120 mm 
Lower Level Grouting 
Avg Cu = 7.85 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 86 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
 
              
 375 








































 Distance from circumference of injection hole (mm)
 Undrained shear strength (kPa)








































 Distance from circumference of injection hole (mm)














































 Figure C-12(c) Vertical profile of grouted soil for sample S12, Section O-3  
 
Upper Level Grouting 
Avg Cu = 6.71 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 128 mm 
Lower Level Grouting 
Avg Cu = 7.23 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 85 mm 
Upper Level Grouting 
Avg Cu = 6.71 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 125 mm 
Lower Level Grouting 
Avg Cu = 7.23 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 80 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-12(d) Vertical profile of grouted soil for sample S12, Section O-4  
 
 Figure C-13(a) Vertical profile of grouted soil for sample S13, Section O-1  
 
 Figure C-13(b) Vertical profile of grouted soil for sample S13, Section O-2  
 
Upper Level Grouting 
Avg Cu = 12.93 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
rs = 10 rpm 
     lg = 81 mm  
Lower Level Grouting 
Avg Cu = 15.0 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
ws = 100 mm/min 
rs = 10 rpm 
       lg = 66 mm 
Upper Level Grouting 
Avg Cu = 12.93 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 78 mm 
Lower Level Grouting 
Avg Cu = 15.0 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 66 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-13(c) Vertical profile of grouted soil for sample S13, Section O-3  
 
 Figure C-13(d) Vertical profile of grouted soil for sample S13, Section O-4  
 
Upper Level Grouting 
Avg Cu = 14.9 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 74 mm 
Lower Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 73 mm 
Upper Level Grouting 
Avg Cu = 14.9 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 82 mm 
Lower Level Grouting 
Avg Cu = 16.5 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 2:1 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 80 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-14(a) Vertical profile of grouted soil for sample S14, Section O-1  
 
 Figure C-14(b) Vertical profile of grouted soil for sample S14, Section O-2  
 
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 48 mm 
Lower Level Grouting 
Avg Cu = 13.3 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 36 mm 
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 45 mm 
Lower Level Grouting 
Avg Cu = 13.3 kPa 
Pi = 1.0 MPa 
di = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 35 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■  Shear strength,                Cemented zone boundary 
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 Figure C-14(c) Vertical profile of grouted soil for sample S14, Section O-3  
 
*
Grouting test on sample S13 and S14 were done with different water to binder ratio as 
mentioned. For all other samples, grouting test was done with water to binder ratio of 1.5: 1.    
 
 Figure C-14(d) Vertical profile of grouted soil for sample S14, Section O-4  
 
Upper Level Grouting 
Avg Cu = 14.15 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
 rs = 10 rpm 
      lg = 48 mm 
Lower Level Grouting 
Avg Cu = 15.4 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 38 mm 
Upper Level Grouting 
Avg Cu = 14.15 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 49 mm 
Lower Level Grouting 
Avg Cu = 15.4 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
*
Water: cement = 1:1 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 29 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-15(a) Vertical profile of grouted soil for sample S15, Section O-1  
 
 Figure C-15(b) Vertical profile of grouted soil for sample S15, Section O-2  
 
Upper Level Grouting 
Avg Cu = 15.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 65 mm  
Lower Level Grouting 
Avg Cu = 15.3 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 60 mm 
Upper Level Grouting 
Avg Cu = 15.6 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 60 mm 
Lower Level Grouting 
Avg Cu = 15.3 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 50 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-15(c) Vertical profile of grouted soil for sample S15, Section O-3  
 
 Figure C-15(d) Vertical profile of grouted soil for sample S15, Section O-4  
 
Upper Level Grouting 
Avg Cu = 15.5 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
       lg = 69 mm 
Lower Level Grouting 
Avg Cu = 16.1 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 56 mm 
Upper Level Grouting 
Avg Cu = 15.5 kPa 
Pi = 1.5 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
       lg = 70 mm 
Lower Level Grouting 
Avg Cu = 16.1 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
      lg = 54 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-16 (a) Vertical profile of grouted soil for sample S16, Section O-1  
 
 Figure C-16 (b) Vertical profile of grouted soil for sample S16, Section O-2  
 
Upper Level Grouting 
Avg Cu = 17.5 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
        lg = 91 mm 
Lower Level Grouting 
Avg Cu = 19.2 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
       lg = 51 mm 
Upper Level Grouting 
Avg Cu = 15.1 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa 
       lg = 82 mm 
Lower Level Grouting 
Avg Cu = 17.98 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
rs = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
        lg = 57 mm 
■   Shear strength,                Cemented zone boundary 
 
             
■   Shear strength,                Cemented zone boundary 
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 Figure C-16 (c) Vertical profile of grouted soil for sample S16, Section O-3  
 
 Figure C-16 (d) Vertical profile of grouted soil for sample S16, Section O-4  
 
Upper Level Grouting 
Avg Cu = 15.81 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
        lg = 80 mm 
Lower Level Grouting 
Avg Cu = 17.98 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
       lg = 52 mm 
Upper Level Grouting 
Avg Cu = 15.81 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 60 kPa  
        lg = 81 mm 
Lower Level Grouting 
Avg Cu = 17.98 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
*
Overburden pressure = 60 kPa  
       lg = 51 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-17 (a) Vertical profile of grouted soil for sample S17, Section O-1  
 
 Figure C-17 (b) Vertical profile of grouted soil for sample S17, Section O-2  
 
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 91mm 
Lower Level Grouting 
Avg Cu = 14.57 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 54 mm 
Upper Level Grouting 
Avg Cu = 13.95 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 92 mm 
Lower Level Grouting 
Avg Cu = 14.57 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 62 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
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 Figure C-17 (d) Vertical profile of grouted soil for sample S17, Section O-4  
 
 Figure C-17 (c) Vertical profile of grouted soil for sample S17, Section O-3  
 
Upper Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 85 mm 
Lower Level Grouting 
Avg Cu = 13.43 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
 rs = 10 rpm 
*
Overburden pressure = 120 kPa  
        lg = 61mm 
Upper Level Grouting 
Avg Cu = 14.67 kPa 
Pi = 2.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 120 kPa  
       lg = 96 mm 
Lower Level Grouting 
Avg Cu = 13.43 kPa 
Pi = 1.0 MPa 
dn = 2.0 mm 
wr = 100 mm/min 
rs = 10 rpm 
*
Overburden pressure = 120 kPa  
        lg = 64 mm 
■   Shear strength,                Cemented zone boundary 
 
              
■   Shear strength,                Cemented zone boundary 
 
              
